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Abstract 
Aluminum plating is of considerable technical and economic interest because it provides 
an eco-friendly substitute for cadmium coatings used on many military systems. However, 
cadmium has been determined to be a significant environmental safety and occupational health 
(ESOH) hazard because of its toxicity and carcinogenic nature. Furthermore, the cost of treating 
and disposing of generated wastes, which often contain cyanide, is costly and is becoming 
prohibitive in the face of increasingly stringent regulatory standards. The non-toxic alternative 
aluminum is equivalent or superior in performance to cadmium. In addition, it could serve to 
provide an alternative to hexavalent chromium coatings used on military systems for similar 
reasons to that of cadmium.  
Aluminum is a beneficial alternative in that it demonstrates self-healing corrosion 
resistance in the form of a tightly-bound, impervious oxide layer. A successfully plated layer 
would be serviceable over a wider temperature range, 925 oF for aluminum compared to 450 oF 
for cadmium. In addition, an aluminum layer can be anodized to make it non-conducting and 
colorable. In consideration of the plating process, aluminum cannot be deposited from aqueous 
solutions because of its reduction potential. Therefore, nonaqueous electrolytes are required for 
deposition. 
 Currently, aluminum can be electrodeposited in nonaqueous processes that use 
hazardous chemicals such as toluene and pyrophoric aluminum alkyls. Electrodeposition from 
ionic liquids provides the potential for a safer method that could be easily scaled up for industrial 
application. The plating process could be performed at a lower temperature and higher current 
density than other commercially available aluminum electrodeposition processes; thus a reduced 
process cost could be possible. The current ionic liquid based electrolytes are more expensive; 
however production on a larger scale and a long electrolyte lifetime are associated with a 
reduction in price. Advancements of this nonaqueous aluminum plating process have the 
potential to lead to a novel and competitive commercial aluminum deposition process.  
xix 
 
In this investigation aluminum electrodeposition from ionic liquid based electrolytes onto 
steel, copper and magnesium substrates without conversion coatings or strike layers was 
evaluated in six different ionic liquid based electrolytes in two technical setups. Three of which 
are commercially available aluminum plating electrolytes, three of which, discussed in literature 
were created on site by research personnel in the laboratory. The three commercially available 
electrolytes were: 1-Butyl-3-methylimidazolium chloride ([BMIm]Cl) * 1.5 AlCl3 with 
proprietary additives from IoLiTec, 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) * 1.5 
AlCl3 with proprietary additives from IoLiTec, and BasionicsTM AL-02, an aluminum plating 
electrolyte containing [EMIm]Cl * 1.5 AlCl3 with additives from BASF. The three electrolytes 
created on site were based on the 1-ethyl-3-methylimidazolium chloride ionic liquid with added 
1.5 AlCl3 and one with added sodium dodecyl sulfate.  
Small scale plating tests in a 25-mL plating cell were conducted to provide a comparative 
analysis of the six different electrolytes considered. From these investigations, two were chosen 
to be evaluated in a larger 1-liter plating cell; designed and constructed to provide a more 
realistic evaluation of plating parameters with selected electrolytes to better portray industrial 
electroplating conditions. The effect of current density (10-40 mA/cm2), temperature (30-90o 
Celsius) and plating bath agitation on current efficiency, corrosion resistance by the ASTM B117 
method, adhesion, microstructure, and chemical composition (evaluated with energy-dispersive 
x-ray spectroscopy) of the plated Al-layer was explored in both the 25-mL and 1-L plating cell 
investigations. In addition development of pre- and post-treatment processes for the metal 
substrates was attempted.  
While previous investigations focused on one or two of these topics, this research seeks 
to investigate all discussed phenomena and characteristics. Additionally, there is little research 
that reports on the adhesion performance of aluminum coatings from ionic liquids. Also, 
corrosion investigations are limited to all but a few publications. So too, the deposition of 
aluminum in a larger, more realistic plating cell has never been thoroughly investigated. This is 
key if a practical application of the technology is ever to be realized.   
In sum, correlations were drawn between electrolyte, current density, temperature and 
bath agitation with quality and characteristic of electrodeposited aluminum layers.  The 
overriding goal to create an acceptably competitive aluminum coating process to replace 
cadmium and compete with other commercial aluminum deposition processes was not 
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successful. Competitiveness was evaluated as per the discussed characteristics and so also, by a 
comparison to physical samples created in a more realistic plating cell to AlumiPlate aluminum 
coatings. 
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CHAPTER I  
 INTRODUCTION TO THESIS 
I.I INTRODUCTION 
  The use of room temperature ionic liquids to electroplate surfaces with metallic layers 
has been a topic of interest to scientists and engineers for the better part of the last century.  
Knowledge of these ionic liquids and their chemical properties in electro analytical systems has 
developed, and with this, so too has their applications. The electrodeposition of many metals 
such as Aluminum, Niobium and Tantalum require nonaqueous solutions. Generally, the typical 
methods employed require high temperatures and expensive specialized, often dangerous 
chemicals.  Ionic liquids could provide an affordable, efficient and physically as well as 
environmentally safe alternative, if developed. Recent studies have sought to find ways to apply 
ionic liquids in electro analytical systems for the development and improvement of 
electrodepositing techniques. Aluminum is a metal of which much effort in this area has been 
applied. Recent studies have revealed the possibility to electroplate aluminum from ionic liquids. 
However, a large portion of these studies do not evaluate all important parameters. In addition, a 
large portion of these studies are truly bench top chemistry studies evaluating possibility but not 
practicality of the aluminum deposition. For example, it was found an increase or decrease in stir 
rate of the electrolyte during plating can change the crystalline structure of the plated layer and 
thus affect properties such as adhesion and uniformity of the plated layer. The research often 
considers the ideal setting such as deposition onto a glassy carbon electrode; not something that 
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transcribes readily to industry.  Further understanding how changes in the conglomerate plating 
system affects layer characteristics is necessary if the electrodeposition of aluminum, as well as 
other metals, is to lead to practical applications of the technology.  
 
 
 
 
 
 
    
Figure 1: The Joint Strike Fighter [1] 
The question should be asked, “Why aluminum, what makes it worth investigating?” One 
of the main and most immediate reasons is pictured in Figure 1. This is the Joint Strike Fighter 
employed by the United States Military where corrosion has been a significant problem. This is 
because of the lightweight nature of the aircraft which requires significant amounts of 
magnesium and high strength steel to be employed. To prevent corrosion, the United States, 
Canada and United Kingdom have employed cadmium coatings. [1] 
Cadmium is a highly toxic, carcinogenic heavy metal. Although the metal’s deposition 
process is relatively non-toxic, common maintenance such as wash down, grit blasting and 
sanding prior to painting release cadmium. Where steels in the automobile industry may be 
galvanized (zinc coated), such methods cannot be employed in the aerospace industry as 
hydrogen embrittlement cannot be tolerated aerospace. [1] 
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Cadmium is applied to components such as landing gear, hydraulics, drive screws, 
fasteners and various electrical connectors. It is chosen as the desired coating for these 
applications, despite its toxic effects, because it has high corrosion and wear resistance. It 
provides a substrate that allows adhesion of paints, primers and other polymers. It is conductive 
and provides protection when scratched.  [1] 
Over the past decade, there has been a significant effort to find ESOH (Environmental 
Safety and Occupational Health) friendly alternatives. For example, Boeing has been 
investigating the electrodeposition of zinc alloys, as well as ion vapor deposition of aluminum. 
Other programs include the Joint Cadmium Alternative Team (JCAT), the NAWC (Naval Air 
Warfare Center) molten salt bath Al-Mn (aluminum-manganese) plating group, the REFOCUS 
program by the Atomic Energy Authority, the National Research Council of Canada and more. 
[1] The results from these studies indicate possible alternatives, many of which are being tested, 
however the need still exists for a definitive process.  
Developing an aluminum deposition process would not only serve to satisfy the need to 
replace cadmium, but could also potentially serve to replace the well-known hexavalent chrome 
plating baths. Chrome coatings are sought for features similar in nature to cadmium. It is 
corrosion resistant, wear resistant, and often well adhered. The toxicity of chromium does not 
come from the metal itself; the reduced form is nontoxic. However, the electroplating processes 
used to coat items in chromium results in chromic acid emissions. Regulation is driving industry 
to replace hexavalent chromium containing materials. The Occupational Safety and Health 
Administration recently implemented new standards in 2006 for worker exposure to hexavalent 
chromium over the course of an 8 hour work shift to 5 µg/m3. [2] As well, The Defense Federal 
Acquisition Regulation Supplement (DFARS) issued on May, 5th 2011 states no DoD contract 
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may include a specification or standard that contains more than 0.1 % hexavalent chrome in a 
homogenous material. [3] 
Chromate conversion coatings, another coating, have favorable corrosion resistance, 
adherence and wear resistance. Chromate conversion coatings are self-healing. Paints and other 
polymers bind well to chromate conversion coatings. The safety issues are very similar chrome 
plating as these conversion coatings are formed from the reduction of hexavalent chromate ions 
from chromic acids or salts to develop a hydrated Cr2O3 layer. Because of these emissions, the 
chromate conversion coatings also must adhere to the standards set by OSHA and DFARS.  
The standards are set because hexavalent chrome has been linked to hyper-anemia, 
ulceration and inflammatory changes in the mucus lining of the respiratory tract as well as skin 
burns, ulcers, necrosis, bronchospasm, lung cancer, liver disease and skin cancer as it is a 
genotoxin. [2] 
In the United States, there are approximately 5000 facilities with chromium electroplating 
and anodizing tanks. Most often, these facilities exist near or in large cities or in heavily 
populated states such as California, New York, Ohio and Pennsylvania. The fact that these 
facilities emit hexavalent chromium in waste emissions is a serious health risk for those that both 
work at these facilities, and those that live close by - another reason why an alternative would be 
favorable. [2] 
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I.II Objectives 
 The goal of this research was to develop a characteristically satisfactory aluminum layer 
for the mitigation of metallic corrosion by refining methods for the electrodeposition of 
aluminum from ionic liquids. “Satisfactory” was governed by the deposited layer’s 
competitiveness against commercial aluminum plating processes and ability to meet the needs of 
military specifications. The hypothesis of the research was then to determine if the advancement 
of aluminum electroplating in ionic liquids would be possible on a commercially viable scale for 
the mitigation of metallic corrosion by refining and building on knowledge from literature.    
 A comparison of three commercial ionic liquid aluminum plating electrolytes and three 
self-prepared ionic liquid based electrolytes prevalent in literature were evaluated by small scale 
25-mL cell testing. From this testing, electrolytes that performed superiorly were tested in a 
larger 1-L plating cell. This plating cell was constructed in such a way that it more realistically 
mimicked industrial deposition cells and was constructed such that the transition to a larger 
commercial pilot test cell would be seamless. The electrochemically deposited (ie, electroplated, 
electrodeposited, plated) aluminum layers were characterized and evaluated. The effect of 
current density (10-40 mA/cm2), temperature (30-90 oC) and plating bath agitation on current 
efficiency, corrosion resistance by the ASTM B117, adhesion, microstructure, and chemical 
composition (evaluated with energy-dispersive x-ray spectroscopy) were explored in both the 25-
mL and 1-L plating investigations. In addition development of pre- and post- treatment processes 
for the metal substrates were attempted.  
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I.III Thesis Organization 
 This thesis is organized into a total of six chapters. Chapter II summarizes some of the 
fundamental theory, calculations and other basic considerations regarding electrodeposition. 
Chapter III provides a literature review that discusses past and recent developments of ionic 
liquids, aluminum, alternative coating methods and the advantages of ionic liquid based 
electrolytes in comparison to other commercial processes. Additionally, aluminum 
electrodeposition from ionic liquid based electrolytes is thoroughly discussed. Chapter IV 
includes all of the experimental methods and equipment used in this study. Chapter V presents 
the experimental results and discussion. Chapter VI summarizes the results, presents final 
conclusions from this study and discusses the potential avenues of approach in continuing 
research towards creating a commercially viable and competitive aluminum deposition process.  
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CHAPTER II  
 THEORETICAL BACKGROUND 
 This chapter entails a discussion of the theoretical aspects of electrodeposition.  It is 
broken down into four parts concerning what electrodeposition is and the equations that describe 
it, a description of controlled current techniques and their relation to experimental outcomes, a 
description of the electrode reactions and finally a more advanced mathematical overview of 
electrochemical phenomena.   
 
II.I Electrodeposition 
Electrodeposition has since the mid to late 1900s evolved from being an ill-defined area 
to an exact, commercial and viable science. [4] As Schlesinger and Paunovic put it, 
“Technological areas in which the possession of technical knowledge of electroplating is found 
to be essential include aspects of electronics; macro-, micro-, and nano-optics; opto-etectronics; 
and sensors of most types. In addition, a number of key industries, such as the automotive 
industry, employ methods of electroplating. This is so even when other methods such as 
evaporation and sputtering CVD (chemical vapor deposition) are an option.” [4] 
Electroplating is often a more convenient and economic option in light of such discussed 
competition, important in the metal surface finishing and corrosion prevention industries as well. 
Electroplating does not affect the mechanical properties of the underlying substrate, nor does it 
change the structure which may be important in considering electronic or optic systems. In 
8 
 
addition it provides reduced cost, easy setup, lower operating temperatures, and lower operating 
pressures. These aspects contribute to its relevance in modern research. In addition, 
electroplating offers precise control over deposition thickness and quality; a notable advantage. 
[4] 
Electrodeposition in its most basic description is the process of using electrical energy to 
control a chemical reaction producing deposits. Electrodeposition, electroplating, deposition and 
plating can be used interchangeably as they describe the same process. Electrodeposition 
typically occurs in an electrochemical cell comprised of an electrolyte, anode(s) and cathode(s). 
The anode is the material at which an oxidation reaction is occurring; the cathode is the material 
at which a reduction reaction occurs. The solution in which the electrodes are immersed is 
known as the electrolyte. The electrolyte is a solution that contains ionic compounds which allow 
the transfer of the electrical charge through the solution. In the case of aluminum, when an 
aluminum ion is created at the anode, having been oxidized from its solid metallic form to the 
ionic form, it traverses from the anode into the bulk electrolyte. The negatively charged cathode 
has a buildup of negative charge (ie, electrons) due to the potential difference. As a result of this 
negatively charged cathode, the positively charged metal ion can gain electrons and thus become 
part of the cathode and form – in a best case scenario – a dense, even aluminum layer. [4] 
 
II.II Controlled Current Techniques  
There are two common systems to control electrodeposition; potentiostatic and 
galvanostatic systems. Potentiostatic systems are those in which the potential of one electrode 
(here the cathode) is kept constant and current is recorded over time; current and cell voltage can 
vary. Galvanostatic systems are those in which current is kept constant and potentials or cell 
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voltage is recorded over time; potentials and cell voltage can vary. All experiments in this study 
were galvanostatically conducted and cell voltage was recorded as a function of plating time. 
[4,5] 
Cell voltage is the sum of potential differences that exist throughout a given circuit, in 
this case an electrochemical cell. Here the electrolyte-electrode interface, metal-metal junction 
within any electrode that is constructed of dissimilar metals, potential difference within the 
electrolyte and potential differences between electrodes and measuring instruments comprise the 
cell voltage. Each of these things can be thought of as contributing a certain resistance to the 
constant current flow.[4] 
Plots of cell voltage versus time generated during the study are direct measurements of all 
of these factors combined into one term.  
 
II.III Electrode Reactions  
Electrode reactions are the reactions that take place at the metal-electrolyte interface, 
typically the reactions of interest. In this study’s situation the reactions of interest are the 
oxidation of aluminum at the anode and the reduction of aluminum at the cathode which are 
ideally represented as,   
      Al  Al3+solution +  3e-      (anode)                       Equation 1 
               Al3+solution + 3e-   Al      (cathode)       Equation 2 
 
Here, the cathodic reaction is of main interest as this is the reaction that will generate the 
aluminum layer.  
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The oxidation of aluminum provides ions for the transfer of charge between electrode 
interfaces and across the electrolyte. [4] Electrically driving the system causes these chemical 
reactions to occur. The electron transfer reactions occur at the metal-electrolyte interfaces. 
Theoretical mass of deposited aluminum can be estimated by the use of Faraday’s Law. 
Faraday’s Law relates the number of electrons required for a given reduction to the number of 
moles of chemical species reacted to provide a total value of charge transfer. Faraday’s law is 
stated as,  
 
           Q = (n)(m)(F)              Equation 3 
 
where Q is the charge in coulombs that went through the cell, n is the number of equivalents per 
mole, m is the number of moles that reacted and F is the Faraday constant (96485 coulombs per 
mole of electron). [5]  The overall production rate, wi (mass/time) can be related to molecular 
weight (MW) and current efficiency (i) for a given species i at a given current (I) as in 
Equation 4. [5] 
 
       
		
,

  Equation 4 
   
 Another important value that relates applied current to the surface area is known as 
current density, presented in Equation 5, 
 
       

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   Equation 5 
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where j is the current density value and Aprojected is the projected surface area of the electrode to 
which a current is applied. [5] In the case of a cylindrical cathode surface area,  
 
     !  2#$%   Equation 6 
 
where r is the radius of the cylinder and h is the height. Note that the top and bottom of the 
cylinder are not included.  
 Current efficiency in electrodeposition acts as a measurement of additional reactions that 
occur in addition to the desired reduction and oxidation reactions of interest. When many 
reactions occur, the total current passed is the sum of the individual currents by each reaction. 
Current efficiency can be described in terms anodic which relates to the anodic current efficiency 
or cathodic which relates to cathodic current efficiency. Current efficiency is defined as the 
number of coulombs required for a reaction divided by the total number of coulombs passed 
through the cell. In terms of coulombs (charge), [4] 
 
      & 
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   Equation 7 
 
Current efficiency can also be described in terms of plated mass, as mass is directly proportional 
to passed charge. Then,  
 
      & 
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   Equation 8 
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Where wi is the mass actually plated or dissolved and wtotal is the theoretical amount of mass 
plated or dissolved assuming 100% current efficiency at the cathode or the anode. [4] 
 In this study, the mass of the cathode was recorded before and after the electrodeposition 
experiments. At the experimentally common current densities of -10 mA/cm2, -20 mA/cm2 and -
40 mA/cm2 about a 12 micrometer thick layer of dense, pure aluminum should be deposited 
assuming 100% current efficiency with a three electron reduction process in 1 hour, 30 minutes 
and 15 minutes respectfully.  
With these reactions at the ideal condition of 100% current efficiency regarding both 
reactions mentioned above the electrolyte solution should always have a constant amount of 
aluminum ions because there are no side reactions like destruction of the ionic liquid, which as 
stated, will act to reduce current efficiency. 
 
II.IV Electrochemical Considerations  
 An electrochemical cell consists of redox reactions. Redox reactions occur as a result of 
the transport of charge between an electronic conductor (electrode) and an ionic conductor 
(electrolyte). It is the interface of these two, the electrode surface, which is of most interest in 
understanding electrochemical thermodynamics and kinetics; the interfaces of electrodes are 
where reduction or oxidation reactions will occur. It would be ideal and natural to consider the 
events that happen at one particular interface, say, the cathode. However is not possible to 
measure the potential of one electrode, there needs to be a reference. This leads to the idea of cell 
potential, measured in volts (1 Joule/Coulomb – a measure of the energy available to drive 
charge) between at least two surfaces. A typical electrochemical reference electrode is the 
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standard hydrogen electrode (SHE). In the case of this investigation, the potential difference is 
measured between the cathode and the anode, they are referenced to one another. [6] 
An electrochemical cell is a relation of electrostatic energy (the cell voltage), which does 
not have direction to a chemical reaction (thermodynamic quantity) that does have direction.  
A connection of the two lies in the fundamental relationship of Gibbs free energy (∆, 
and electromotive force (-! ./0, or emf) with the convention that the cell emf (voltage 
measured) is defined as the electrostatic potential of the reduction (-! 1/0  with respect to 
that of the oxidation -02./0 as in Equation 9. [6]  
 
-! ./0  -! 1/0 3  -02./0             Equation 9  
    
From the Equation 10 a positive emf indicates spontaneity, conversely a negative emf 
indicates a nonspontaneous reaction. In the case of this investigation, the reduction of aluminum 
is a nonspontaneous reaction onto steel or copper as a result of aluminums large negative 
reduction potential. [6] The reaction is spontaneous if plated substrate is magnesium, however in 
this situation it can be difficult to control the growth characteristics of the depositing coating.  
 
    ∆,   345-! ./0   Equation 10 
 
F is the Faraday constant and n is the number of mole electrons to reduce a mole of the element. 
It is important to consider that the intrinsic electrochemical relation of the anodic and 
cathodic material is dependent on the temperature as well as the activity of the ionic species. 
Activity will vary from medium to medium because ionic strength affects activity coefficients 
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[6]. In addition, temperature changes also affect the intrinsic reaction between two species. In 
aluminum reduction in ionic liquids, it is important to realize then that it will behave differently 
from traditional aqueous solutions due to the ionic nature of the solution. Relations can be drawn 
that attempt to quantify the magnitude of this change. For the driven aluminum reduction, this 
simply brings cognizance to ionic liquids non-ideality, shown thermodynamically by Equation 
11. Since ∆,   345-! ./0, substitution yields Equation 12, the electrochemical equivalent 
expression. [6]  
 
  ∆,  ∆,0 6 78 ln
.	
.
      Equation 11 
 
where ∆,0 is the Gibbs free energy at unit activity, ;! is the activity of the reducing species, ;0 
is the activity of the oxidation species.   
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/0  -
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  Equation 12 
 
where -0! ./0  is the cell voltage at unit activity. Equation 12 is the commonly known Nernst 
equation. However, these equations do not account for metal complexion in solutions. It is 
possible that information from this investigation could aid in future identification and description 
of the thermodynamic properties of aluminum couples in ionic liquids. [6] 
 When a current is applied in an electrodeposition process, the departure of the electrode 
potential from the equilibrium value is termed polarization. The extent is measured by the 
overpotential, >, defined by Equation 13. [6] 
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>  -? 3 -    Equation 13 
 
where E(I) is the potential of an electrode at a given current, and E is the equilibrium potential. 
At large values of negative overpotential Equation 14 is valid. [6]   
 
   30@
A.BC
   Equation 14 
 
And for positive overpotentials Equation 15 applies. [6]  
 
    30@
ADA.BC
   Equation 15 
 
where j is the current density at an overpotential value,  jo is the exchange current density 
(current density at equilibrium), z are the electrons required and ; is the transfer coefficient. By 
taking the logarithm of Equations 14 and 15, and then subsequently solving for > yields Equation 
16. [6]  
 
>  ; E F log||   Equation 16 
 
which is the Tafel equation. The constants ; and F are determined by Equations 17 and 18. [6] 
The ± sign holds for anodic (+) and cathodic (-) processes. For a cathodic process ; and F are 
respectively termed ; and F. Then,  
 
 ;   
J.LML <=
.B
log N0   Equation 17 
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F   
J.LML <=
.B
    Equation 18 
 
 
   The Tafel equation is an experimentally validated equation relating potential and current.  
It is shown here to provide an understanding for the presentation of current density and potential 
plots presented in this thesis. As the Tafel equation illustrates, when voltage increases the current 
density will exponentially increase. If the log of current density is plotted against voltage, ideally 
a straight line should be obtained. A comparative analysis can then be drawn between many 
different galvanostatic experiments. Linearity occurs in the situation of rate limiting deposition. 
If the rate of deposition is limited by mass transfer nonlinearity may be observed.   
 More complex methods of kinetic evaluation may be employed. The Butler-Volmer 
equation developed from Arrhenius rate constants and the relationship of Gibbs free energy and 
chemical potential can provide highly accurate mathematical models that describe cell 
conditions. However, if complex multistep mechanisms occur in the electrodeposition cell the 
traditional Butler-Volmer equations will no longer be valid. Complex equations have been 
created for individual complex systems, yet even so they may become too complex for practical 
applications. Each complex system generally requires its own equation. Regardless, at high 
overpotentials, as in this thesis, the Butler-Volmer equations simplify to the Tafel equations. [6] 
 In this cursory analysis it is also important to consider atomistic aspects of 
electrodeposition. The reaction of metal ion Mz+ to the metal ionic lattice Mz+ is accompanied by 
a transfer of z electrons into the metal electrode. This process may occur by two main 
mechanisms of transfer (1) step –edge site ion transfer or (2) terrace site ion transfer  
 In the step edge ion transfer mechanism the Mz+ ion is preferably adsorbed by the metal 
surface at a step edge (a raised morphological feature on the metal surface). This causes the ion 
to become an adatom (ie, absorbed ion/absorbed atom) and that is bonded to the bulk metal 
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crystal with one-half of the bonding energy of the bulk metal surface.  From this, the adatom will 
transfer down a step edge until it encounters a kink site (a location at which its travel is blocked, 
and the adsorb metal will find a lower energy) at which it subsequently comes into such contact 
with the metal substrate. At this location it is energetically favorable to completely “reduce” and 
become part of the bulk material. Its electrons are transferred to what is known as the electron 
gas of the bulk metal. [7] 
 The terrace ion transfer mechanism occurs in a similar nature to the step edge 
mechanism. It differs in that the ion, rather than adsorbing at a step edge, adsorbs to a flat region 
surface some distance away from a step edge. It will seek a position of lowery chemical potential 
energy and diffuse across the surface until a step edge is encountered at which it follows the step 
edge mechanism. [7] 
 The current at the surface of an electrode in electrodeposition is a combination of these 
two events, Equation 19. [7] 
 
N   NO/ P  Q 6  N/ !!.   Equation 19 
  
 Finally, thought to ion diffusion in the electrolyte is important. Understanding the mass 
transfer of ionic components explains the importance of plating bath agitation.  Consider 
Equation 20, a gradient in three dimensional Cartesian space. [6]  
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It stands that the flux, J ( U0
O 0V UW
), is proportional to the gradient of electrochemical potential 
of a species. The electrochemical potential includes effects of chemical potential and those that 
arise from electronic conditions of a bulk solution. There is a constant of proportionality that 
links the flux with the chemical potential, termed (- XY
<=
) where Cj is the concentration of species 
j and Dj is the diffusivity of species j. This term can be used in place of describing a gradient of 
chemical potentials. Also, one must also consider that if the solution has bulk velocity, then the 
concentration will shift by a relation to the velocity. Combining these ideas the flux equation, 
Equation 21, may be written as shown. [6] 
 
Z[   3\[R ][ 3  
B
<=
\[][R^ 6  ][_  Equation 21 
 
where R^ is the electric field gradient in the electrolyte and v is the velocity. Thus, it is observed 
that if good bath agitation is ensured the concentration gradient effect (3\R ] and electric 
field effect (3 B
<=
\[][R^ on diffusion will not dominate the equation. The velocity effect 
dominates concentration as the velocity of the particles will be high, thereby facilitating a good 
mixing (][_. And therefore, one need only hold concern (mostly) with the charge transfer 
reactions at the surface of the electrode.  
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CHAPTER III 
 LITERATURE REVIEW 
 The use of ionic liquids in the electrodeposition of metals has dramatically increased in 
the past few decades. Aluminum is one of the metals of which study has occurred. This chapter 
provides an analysis and summery of previous works on the electrodeposition of aluminum. 
 This chapter is divided into five subsections each describing an aspect of this work. The 
first subsection deals with properties and characteristics of aluminum, specifically what makes it 
a favorable coating. The second subsection will discuss ionic liquids, namely their historical use, 
characterization and properties. The third subsection will evaluate the electroplating of metals 
other than aluminum in non-aqueous media. The fourth subsection will evaluate aluminum 
plating alternatives to ionic liquids. The fifth and final subsection details key conclusions from 
literature with regards to this work.  
 
III.I Aluminum and Its Oxide 
 Aluminum is the third most abundant element in the Earth’s crust. It is known for its low 
density of 2.7 g/cm3 and its corrosion resistance owed to the Al2O3 oxide “white rust” that it 
readily forms. It is ideal for use in industry where material weight and survivability is of key 
importance both structurally and economically. Aluminum is a soft, ductile metal which can 
make it easy to work with. [8] Additionally it is a good thermal and electric conductor, capable 
of becoming a superconductor that has a critical temperature of 1.2 Kelvin. [9] It is as a result of 
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these properties that aluminum is favorable for applications in mechanical, electrical and 
chemical systems such as the Joint Strike Fighter.   
 Aluminum’s high corrosion resistance is owed to its high passivity; the ability for a 
material to undergo corrosion generating an oxide layer making it “passive” to corrosion. The 
oxide layer that readily forms during passivation where pure aluminum substrate is exposed to 
air is called aluminum oxide or alumina; Al2O3. Alpha alumina is the most common and 
thermodynamically stable; it occurs naturally in the corundum crystal structure. [10] The layer 
can form in about 100 picoseconds [11] and this layer protects the substrate underneath from 
oxidation which makes it favorable for use as the generation of the passivation layer is easy 
relative to other metals. Water and excess oxygen react with pure aluminum to generate 
aluminum oxides and hydroxides. The following are common knowledge reaction pathways.  
 
For water, 2Al  +   3H20  Al2O3 “Alpha or Beta Alumina”+ 6H + 6e- Equation 22 
  2Al +    4H2O  2Al(OH)3 “Bayerite”+ 3H2      Equation 23 
     2Al +    6H2O  2AlO(OH) “Boehmite” + 3H2                       Equation 24 
  For oxygen,     4Al + 3O2  2Al2O3        Equation 25 
 
To obtain further benefit from this oxidized layer anodizing can be employed. Anodizing 
is the process using electrical current to increase the thickness of an oxide layer. It can be applied 
to aluminum coatings. The increased oxide layer increases the corrosion resistance. To anodize, a 
sample is hooked up to an electrochemical system. It is called anodizing because the piece in 
question is the anode in the system. The electrolyte can vary, but could be for example 
concentrated sulfuric acid.  
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III.II Ionic Liquids 
III.II.I Ionic Liquid History  
Ionic liquids, also known as room temperature molten salts, have been the focus of 
considerable amounts of academic and industrial research in recent years. Ionic liquids are 
defined as, “…a liquid consisting solely of cations and anions with a melting point of 100oC and 
below.” [12] The field of interest to this study is their application to electrochemical systems; 
more specifically those engaged in electrodepositing metals. Often a concern in electrodeposition 
is purity, structure and the efficiency of a plating procedure. Historically, aqueous solutions have 
been the electrolytes of choice during electrolysis but these solutions are often plagued by many 
issues such as low thermal stability, evaporation, narrow electrochemical window of water (1.23 
V vs NHE at standard conditions) and the formation of hydrogen and oxygen during 
electroplating. Ionic liquids negate these disadvantages providing a conductive, non-aqueous, 
thermally stable solution that also has the intrinsic property of a large electrochemical window. 
When electroplating certain elements and alloys these properties are necessary. The large 
electrochemical window is necessary for successful room temperature electrodeposition of 
elements such as aluminum, magnesium, silicon, germanium, tantalum, niobium and rare earth 
metals. These elements cannot be electrodeposited from aqueous solutions for a number of 
reasons most notable being the reduction of water forming hydrogen and oxygen at the cathode 
which results in hydrogen embrittlement. Hydrogen embrittlement results from the diffusion of 
hydrogen atoms, especially at high temperatures, into metal substrate. The hydrogen atoms may 
combine to form hydrogen molecules which cause pressure increases in the substrate; the 
pressure reduces ductility and hence may contribute to propensity of substrate fracture. There are 
other reasons as well such as substrate passivation and the formation of oxides, a result of the 
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oxygen from water.[12, 13] With ionic liquids it is possible to bring the water content in some 
cases down to below 1 ppm. Thus they are aprotic, indicating that hydrogen evolution does not 
occur. [14]  
Clearly a result of physical properties, ionic liquids have the capacity  to not only 
electrodeposit metals that can be deposited from aqueous solutions, but to also electrodeposit 
metals that cannot be purely deposited from aqueous solutions, often with better results.  Table 1 
summarizes properties that will be discussed in greater detail. 
 
Table 1: Common Properties of Ionic Liquids  
Property Value 
A Salt Cation and/or anion is large 
Freezing Point  Preferably below 100 o C 
Liquidus range Often > 200 o C 
Thermal Stability  Usually high 
Viscosity  Higher than most aqueous solutions at room 
temperature 
Polarity  Moderate 
Molar Conductivity < 10 S cm2 mol-1 
Electrochemical window >2 V, up to 5.8 V 
Vapor Pressure Very low, considered negligible 
Use as a solvent Organic compounds, inorganic salts 
 
Room temperature ionic liquids were developed for use in electrowinning around the 
1950s [14], however the first ionic liquids were synthesized in 1914 by Walden who created the 
first low temperature molten salt, ethylammonium nitrate (melting point = 12 oC) when 
attempting to create nonaqueous conductive solvents. [15] For the next 50 years focus turned to 
create more usable and controllable mixtures, this led to the creation of eutectic salt mixtures; in 
which the melting point is influenced by the amount of salt additives present, the melting point 
always lower than the melting point of each component individually. The first developments in 
lower temperature eutectics were characterized by LiCl, KCl and AlCl3 mixtures.[14] These 
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mixtures eventually led to the development of 1-ethyl-3-methyl-imidazolium based ionic liquids, 
specifically targeted at aluminum electrodeposition and other electrochemical studies, which 
were heavily studied in the 70s, 80s and 90s and in fact are still used today.[14, 16-20] Up to the 
early 1990s research experimented with different cation and anion combinations but little 
improvement was made toward the development of systems with realistic applications. [14] It 
was desired in this time to use the low melting point ionic liquids for solvents in organic 
synthesis. [21-22] However, as these early ionic liquids could only be handled in inert 
atmosphere due to the aluminum chlorides, new developments were desired. In 1992 Zawarotko 
found that different anions such as tetrafluoroborates (BF-4), hexafluorophosphates (PF-6), 
nitrates, as well as others formed ionic liquids that were more stable than previously created 
ionic liquids against hydrolysis.[23] Attempts were made to apply these ionic liquid systems to 
batteries but showed little improvement over previous methods.[24] Since then companies such 
as BASF, famous for its BASIL-process (biphasic acid scavenging utilizing ionic liquids), 
further developed ionic liquids and have led to the commercial applications although commercial 
electroplating applications are virtually nonexistent by any company. [12] To further illustrate 
the recent development of ionic liquid one can look to the number of publications in 1999 versus 
2005. In 1999 there were around 50 papers per year in the field of room temperature ionic liquid.  
By 2005 that number jumped to more than 1500 peer reviewed papers. [12] Figure 2 illustrates 
this dramatic and increase. 
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Figure 2: Publications containing the phrase “ionic liquid or ionic liquids” in the title; abstract 
and key words; determined by ISI web of science; as a function of time. [12] 
 
In addition to a greater understanding into the physical properties and electrochemistry of 
ionic liquids in that period, economic forces have weighed in on the ionic liquid development 
push. In biotechnology as electrochemical mechanical actuators, in electronics as 
electrochemical superconductors, in the nuclear power industry as a treatment for radioactive 
waste and of course in materials science as electrolytes for electro-winning/depositing are but a 
few of the developing applications of room temperature ionic liquids. [25] One reason for such a 
broad spectrum of application comes from their role as green chemicals. As green chemicals they 
eliminate hazardous vapors, extreme corrosive acidic/alkaline solutions and often in comparison 
to aqueous solutions substantially reduce toxicity. [12] As more laws and regulations are 
extended toward reaching ideal environmental goals, new methods will have to be developed for 
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many industries to egress and continue economic production. Ionic liquids provide a potential 
tool to meet such requirements toward creating a cleaner, healthier tomorrow.  
Ionic liquids come in many different varieties. They are most often separated into two 
groups termed first and second generation ionic liquids which are based off of the anion that 
plays a vital role in the physical properties of the ionic liquids.   
First generation ionic liquids have a basis in eutectics; solutions composed of different 
compounds mixed together characterized by a melting point lower than either of the individual 
components alone. [13] Developments of first generation ionic liquids have focused on creating 
ionic liquids that are liquid at or below room temperature. Often metal salts, such as in this 
research’s case of AlCl3, are applied to various cations (typically [EMIm]+) to get a so called 
first generation room temperature ionic liquid.[13]  These first generation ionic liquids are 
sometimes subdivided into two further groups based on the Lewis acidity or basicity of the ionic 
liquid and are not discussed here. As a result of the metal salts used in these first generation ionic 
liquids, most commonly AlCl3, these ionic liquids must be handled in inert atmosphere due to the 
hydroscopic nature of the AlCl3 salt.  
The second generations of ionic liquids consist of cations with discrete anions that do not 
form complexes in the ionic liquids. These ionic liquids by definition have a fixed anion 
structure, regardless of temperature or diluent addition, does not change. This is in contrast to the 
first generation ionic liquids; both temperature and diluent addition can dramatically affect the 
acidity or basicity of the solution thereby changing the properties and characteristic behavior of 
the ionic liquid. This is an especially important consideration for electrodeposition experiments 
as a change in an electrolyte’s intrinsic properties can dramatically affect the success and quality 
of the plated layer. [13] Additionally, stable anion structures yield a greater stability in the 
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presence of moisture. To achieve this, salts with anions such as tetrafluoroborate (BF-4) or 
hexafluorophosphate (PF-6) are utilized. [13, 26] The cation may vary but in literature [EMIm]+ 
is most common in large part as it provides for a direct comparison of 1st and 2nd generation ionic 
liquids. [13, 26] This advantage allows the ionic liquids to be handled in air, increasing their 
attractiveness. However, the fluorine based anions have been more recently shown to slowly 
interact with moisture, especially at higher temperatures. This yields formation of HF; 
decomposition of the anion accompanied by a change in overall ionic liquid property. [13 , 26]  
Since this discovery, ionic liquids have utilized anions that maintain stability and are 
more hydrophobic. These ionic liquids include trifluoromethylsulfonate (CF3SO3-), 
bis(trifluoromethylsulfonyl) imide [(CF3SO2)2)N-] and tris(trifluoromethylsulfonyl)methide 
[(CF3SO2)3C]-as well as many others. [26-28]  The rate of these developments has often outpaced 
the rate of investigated application. The prior three mentioned ILs hold potential as great 
solvents.[30] According to Moustafa, as of 2007 there were at least 500 room temperature ionic 
liquids.[12] The addition of BF4- to 1-ethyl-3-methylimidazolium cation results in an ionic liquid 
that is hydrophilic and in contrast the addition of N(SO2CF3)2-TFSI) produces a strongly 
hydrophobic ionic liquid.[25] Common anions used in ionic liquids include BF4-, B(CN)4-, 
CH3BF3-, CH2CHBF3-, CF3BF3-, C2F5BF3-, n-C4F9BF3-, PF6-, CF3CO2-, CF3SO3-, N(SOCF3)2-, 
N(COCF3)(SO2CF3) -, N(SO2F)2-, C(CN) 3-, N(CN)2-, SCN-, SeCN-, CuCl2-, AlCl4- and F(HF)2.3-. 
[25]
  
Although not as common, ionic liquids can also be classified based on the cation 
structure. Figure 3 presents a number of common cations used in ionic liquids. Cations selected 
for use in ionic liquids are generally nitrogen containing aromatic structures or saturated 
phosphates, sulfurous or ammonium compounds. These cations are generally chosen for their 
 ability to interact with a wide variety of
variation coupled with varied anions can very much alter the properties of a given ionic liquid. 
Andrew Abbot, a professor with a notable history of study in ionic liquids, estimates that 
there are 1018 possible ionic liquids.
the difficulty in understanding and interpreting 
butyl-1-methylpryrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPy][TFSI]), 
named 42 different ways with any number of different varying abbreviations as well.
 
Figure 3: Common cations used in ionic liquids
 
III.II.II Properties 
 Clearly, choosing an ionic liquid for a particular use may be a difficult task. Physical 
property and performance can vary greatl
of salts clearly has dramatic effect.  To this end
electrochemical window, capacitance, thermal stability, solubility/s
tolerance are all important properties determined by the constituents of ionic liquid
discussed here.   
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the use of these ionic liquids. 
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III.II.II.I Viscosity  
 Viscosity is greatly affected by an ionic liquid’s composition. The viscosities of ionic 
liquids vary widely, but generally are in the range of 30-50 cP but can be as high as 500-600 cP 
or as low as 10 cP. [12, 33]  The high viscosity of ionic liquids are a result of Van der Waals 
forces, hydrogen bonding, and likely electrostatic forces.[14,32] Many ionic liquids have large 
chain groups which, when in solution, increases solution viscosity; a result of increased stereo-
chemical interactions between molecules. Another factor that can increase viscosity of ionic 
liquids is the presence of halogens which tend to form hydrogen bonds with neighboring 
molecules or with additives in an electrolyte, often contributed from the anion.[14,32]  These 
extra bonds normally result in dramatic increases in viscosity. Compounds containing increased 
fluorine molecules such as those featuring BF4- and  PF6- anions which increase viscosity as the 
fluorine structures form many hydrogen bonds, a result of fluorine’s high electronegativity. [14, 
33] This compares to the [TFSI]- anion in which the negative charge is delocalized over the two 
sulfoxide groups resulting in a reduced viscosity. [27] 
In modeling the viscosity of ionic liquids it has been shown that Hole Theory can be 
applied to ionic liquids, where the molecules movement is constricted to the availability of open 
holes to enter. Hole Theory, to a point, is able to explain why some molecules with fluorine have 
low viscosities and those with increasing large alkyl groups have increased viscosities. But it is 
still noted that a strongly electronegative anion in the “right” media will form many H-F bonds 
which will reduce viscosity. Hole Theory does not account for this. Constructed from studies 
based on this Hole Theory, Equation 26 has been shown to be an accurate model for ionic liquids 
where n is the viscosity, c is the average speed of the molecules, m is the molecular mass and  
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is the collision diameter of the molecule. P is the probability of finding a hole of a radius bigger 
than that of the ionic molecule.  [14,32]  
 
n =  (mc/2.12)/P   Equation 26 
 
Research by A. Abbot recently indicated that at elevated temperatures, ionic liquids 
viscosity decreased by more than one order of magnitude regardless of molecular 
composition.[32] Other research has also described [EMIm]Cl and other ionic liquid viscosity in 
terms of temperature by both the Arrhenius equation and the Vogel-Tammann-Fulcher equation 
(VTF). The Arrhenius reads,  
 
n = AeEa/RT              Equation 27 
 
where Ea is the activation energy for viscous flow and of which slight deviations in accuracy are 
observed at near the freezing point; a result of ion association and aggregation. [27,34] 
 The high viscosity of ionic liquids at room temperature can lead to difficulties in 
handling. [12] However, as shown, ionic liquids exhibit Arrhenius decrease in viscosity with 
increasing temperature, which leads to easier handling.[35] 
 
III.II.II.II Density  
 Molecular size also influences the density of ionic liquids. Ionic liquids generally consist 
of large often cyclic molecules. The size effect is further exacerbated by alkyl groups coming off 
of the main body such as ethyl and propyl groups, a common characteristic of ionic liquids.  
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With densities ranging from 1 to 1.6 g/cm3 ionic liquids have densities equal to or above that of 
water. [36] Density is largely determined by anion groups while cations have little effect. As an 
anion becomes larger and more complex it generally follows that the density of the solution 
increases. [36] 
 
III.II.II.III Melting Point  
 As has been previously defined, ionic liquids are solutions with melting points below 100 
oC. This is one of the most favorable properties regarding the use of room temperature ionic 
liquids. Conventional molten salts exhibit high melting points; 801o C for sodium chloride and 
614 oC for lithium chloride.[37] The low melting point of ionic liquids is most simply a result of 
the large asymmetrical ions, which act to decrease lattice energy. [38-40] Low lattice energy 
results in the low melting point of ionic liquids. [14] For example, 1-ethyl-3-methylimidazolium 
type ionic liquids with the anion [BF4]- melt at 14O C whereas the same cation with a [Cl-] anion 
is a solid at room temperature. In both cases for anion and cation, the molecular interactions 
between each dramatically alter the physical properties. Thus both cations and anions contribute 
to melting point. Generally, an increase in anion size leads to a decrease in the melting point, a 
result of weakening cation-anion interactions between large molecules.  
 
III.II.II.IV Heat Capacity and Thermal Stability  
Another thermal consideration is the heat capacity of ionic liquids. Low conductivity in 
ionic liquids can lead to ohmic heating, a result of solution resistance when large currents are 
passed through ionic liquids. This becomes a consideration in large scale operations and cooling 
of ionic liquids is often required. Ionic liquids with larger heat capacities may be desirable in 
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such situations. Confirmed by Crosthwaite who found that heat capacities increase with a linear 
relationship to molar mass, Paulechka studied the heat capacity of imidazolium and pyridinium 
salts and determined values of 300 to 600 J K-1mol-1.[14, 41]  Valderrama also studied the heat 
capacity of ionic liquids and developed a program using Matlab and excel that has the ability to 
predict the heat capacity of new or untested ionic liquids with surprising accuracy.[42] 
Cation and anion size and character also affect the thermal stability of ionic liquids. The 
thermal stability is directly related to the strength of the heteroatom-carbon and the heteroatom-
hydrogen bonds in the ionic liquid. [12, 43]  It is the experience of Wilkes that ionic liquids are 
generally stable at high temperatures in the range of 423o C-457o C but only for short periods. 
After longer periods of time the ionic liquids appear to decompose.[12] Eutectic based ionic 
liquids have a much larger range of tolerance than ionic liquids with discrete anions.   Reported 
by Moustafa, “The thermal stability of ionic liquids allows electrodeposition of Ta, Nb, V, Se 
and presumably many other ones where kinetic barriers have to be overcome at elevated 
temperatures.”[26] 
   Regardless of type, in the case of ionic liquids sensitive to water concentration, thermal 
stability becomes a closely related factor to water content. Generally, water sensitive ionic 
liquids that are not dried perform best in the temperature range of 40-60o C where no change in 
water concentration is occurring. It is worth nothing that all ionic liquids are sensitive to water to 
an extent, even air and water stable ionic liquids. [44] This further drives the importance of 
drying ionic liquids before use as even air and water stable ionic liquids will absorb water from 
the environment if it is present.[12,14, 34]  
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III.II.II.V Conductivity  
Ionic liquids are by definition a composition of charged molecules; anions and cations. 
Considering solely this abundance of charge carriers, a large conductivity would be expected. 
This is only partially true for a solution’s conductivity which is dependent on the number and 
mobility of charge carriers in solution. As a result, ionic liquids tend to have conductivities that 
sit below that of some concentrated aqueous solutions. The large cations and anions in ionic 
liquids have varying interactions depending on the particular anion and cation, specifically the 
presence of halogens and chain length. These factors can inhibit or enhance their mobility. 
Commonly, different cations are substituted with fluoridated anions which have a tendency to 
increase the conductivity of the ionic liquids, for a large part a result of their high mobility.[14] 
Conductivity has been also related to the planarity of the cationic core; imidazolium rings give 
higher conductivity then the tetrahedral arrangement of alkyl groups displayed by ammonium 
salts. The pyrrolidinium based RTILs adopt an intermediate geometry and therefore, 
conductivity. [29]  
Regarding anions, recent research has been making an attempt to move away from using 
halide anions as they are difficult to manage and are hazardous to health and the environment. In 
their place are two main trends. First the use of amino acids and common vitamins as additives to 
increase conductivity such as choline chloride, vitamin B4, are finding use in room temperature 
electrochemical applications of ionic liquids. These additives act as solvents that increase 
mobility of the ions in the ionic liquids. [25] Secondly, the use of chlorine anions has grown in 
use as the ionic liquids with chlorine anions are better able to dissolve metallic salts than the 
more inert fluorine compounds while still providing for a relatively highly charged, dense 
anion.[25]  From this knowledge it can be concluded that the conductivity of ionic liquids is not 
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only dependent on what anions and cations are present, but related to the viscosity and density of 
the liquid as well; a result of ion size and additive presence.  
The highest reported conductivity of an ionic liquid to date is that of EtNH3+NO3- at 150 
mS cm-1 at 298 K.[14]  In general, it could be stated that ionic liquids have a conductivity in the 
range of 1.0 mS/cm to 10.0 mS/cm where mS is units of millisiemens; the unit for conductance. 
It was noted that increasing the temperature generally lowered the viscosity of any given liquid; 
by a converse manner doing this allows the conductivity of ionic liquids to be increased. Ionic 
liquid conductivity with temperature typically gives a curved Arrhenius plot at lower 
temperatures. Equation 28 was developed to describe such behavior.[34, 45] 
 
T  8
A
`
W@Aa=A=                              Equation 28 
 
where k is conductivity, A and B are empirically determined constants and T0 is the ideal glass 
temperature (at which the conductivity drops to zero). At temperatures above 2T0, the general 
Arrhenius equation adequately described temperature-conductivity relations.  
 
III.II.II.VI Additives Affect on Conductivity  
Small metal ions such as Li+ may be added to an ionic liquid electrolyte to increase the 
conductivity, a result of the small ions mobility. However research has found this not to be as 
effective as expected. The addition of these salts also influences the Helmholtz layer thickness, 
reducing it thus theoretically making metal ion reduction easier. Abbot et. al. found that an 
additions of 0.5 mol equivalents of lithium chloride changed a deposited layer of chromium from 
nano-crystalline to micro-crystalline in structure. [14] 
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The addition of additives such as Li+ not only led to an increase of conductivity, but also 
to solvation layers at the electrode-ionic liquid interface. [46] Solvation layers in electrolytes are 
a concern at the cathode and anode as they inhibit diffusion. Solvation layers are best described 
as alternating layering of cation and anion due to electrostatic interactions. The ions of the ionic 
liquids tend to be more strongly adsorbed by surfaces then molecular solvents; solvents without 
charge that are completely chemical bonded. [46] In an atomic force microscopy (AFM) study it 
was discovered that in the case of [EMIm]TFSI and [BMPy]TFSI multiple solvation layers were 
present at a gold interface immersed into the ionic liquids and that [BMPy]TFSI required more 
force to rupture its layers close to the surface indicating stronger cation-surface interactions. [46] 
As expected, cation adsorption is predominant at the cathode, and anion adsorption at the anode; 
this bonding is dictated by potential.[46]  
Both at and away from surface-ionic liquid interface, order and layering are dictated by 
molecular structure of the ionic liquids. Alkyl chain length plays a very important role in ionic 
liquid compressibility and layering. Consider steric interactions; if chain length is small, only a 
few carbons in length, then compressibility is high as ionic liquid can compress with nothing to 
block the compression. As the length increases compressibility initially decreases and increases 
in value again. The reason for this is that for a certain number of carbons, stereo chemical 
variations are limited. However as length increases stereo chemical variations increase in number 
thus resulting in an increase in molecular compressibility. It is likely that additives such as Li+ 
and organic solvents alter both surface interactions as well as the solvation layering that occurs 
out from anode(s) and cathode(s).[46-48]   
These considerations are important in the use of ionic liquids for electrodeposition. If an 
ionic liquid strongly adheres to the cathodic surface, it may form a protective barrier thus 
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preventing the subsequent reduction of metal. In addition, molecular layering that extends far out 
into an ionic liquid also prevents the diffusion and reduction of metals.[46] In the system studied 
comparing [BMPy]TFSI and [EMIm]TFSI,  the latter allowed for an under potential deposition 
whereas the former prevented it. The authors theorize this is likely a result of molecular 
interaction at the surface-ionic liquid interface, and also the anion-cation interfaces in the 
solvation layers (which in ionic liquids can extend up to 7 layers thick!). [46-47] In another AFM 
study, it was discovered that even a small increase in temperature can dramatically reduce the 
number of layers in ionic liquids. For example in ethylammonium nitrate (EAN), an increase in 
temperature from 14 oC to 30 oC reduced the number of present layers from 7 to 4. [48] 
 
III.II.II.VII Double Layer Capacitance 
There are few studies that have considered capacitance in ionic liquids. Capacitance in 
electrochemical applications refers to the variation of potential between the surface of an 
electrode, interfacial region between that electrode and the electrolyte, and the body of the 
electrolyte. Double layer capacitance values have been reported in the range of 10 to 15 mFcm-2- 
at potentials close to zero for [EMIm]+ salts with anions (CF3SO2)3C-, CF3SO3- and BF4- at 
mercury electrodes. [49] Other studies indicate the formation of Helmholtz charge layers which 
can act to create capacitance. Up to seven levels of layers were observed with layer number 
increasing with increased chain length onto [BMIm] and [EMIm] cations.[46] 
 
III.II.II.VIII Solubility and Solvating Properties  
The use of ionic liquids for the dissolution of metallic salts, such as the case with 
aluminum chloride, can provide greater control of the electrolyte. In the case of aluminum 
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chloride dissolved in certain ionic liquids, the acidity (or basicity) of the solution can be altered 
by changing molecular amounts of the metallic salt. An increase of AlCl3 (more than 50 mol% in 
the electrolyte) results in a Lewis acidic solution whereas a lesser amount of AlCl3 results in a 
Lewis basic solution. This can have dramatic effects on the success of plating as described in 
literature. For example, a Lewis basic solution will be primarily composed of AlCl4- and Cl- 
anions, followed by the acidic Al2Cl7- anion which has notable effects on nano-crystalline 
structure and nucleation rate. [14] It is important to note the effect of this change as during 
plating with an electrolyte comprised of aluminum chloride, changes in the concentration of the 
salt over time due to less than 100% current efficiency the coating will be affected as nucleation, 
metal complexes and structure of the diffusion layer change. Metal complexes are often 
dependent upon the Lewis acidity/basicity of the metal. According to literature chlorides are 
rarely used in aqueous solutions as they tend to yield black powder deposits as they change the 
complexion, resulting in small nuclei at the substrate surface. [14]  
  The solvating and solubility properties of ionic liquids are especially important in 
electroplating applications, most notably when considering the rinse solutions. Rinsing is 
required to remove pretreatment chemicals, which can vary widely in nature. One important 
aspect of the rinse is that the etching liquid and the electrolyte (namely the ionic liquid 
constituting it) be miscible so as to remove etch rinse solution so plating is unhindered. The use 
of ionic liquids in GC columns as stationary phases has been a focus of investigation. One such 
study by Armstrong et al revealed that ionic liquid based on the imidazole and pyridinium 
cations act as dipolar, aprotic organic solvents. These cations may act as short chain alcohols. 
Shortening chain length increased solubility with polar molecules, increasing alkyl chain length 
and/or employing charge-diffused anions increased solubility with lipophilic molecules.[50-52]  
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The 1st generation eutectic ionic liquids, most commonly employ AlCl3 with an imidazole 
cation and are flexible in solvating properties. In these mixtures increasing or decreasing the 
molar ratio of AlCl3:Ionic Liquid changes Lewis acidity/basicity. Increases in the molar ratio of 
AlCl3:Ionic Liquid results in the formation of complex Lewis acidic aluminum chloride clusters 
like Al2Cl7-. If sufficient aluminum chloride is present, Equation 29 occurs to facilitate formation 
of the Al2Cl7- species. From the Al2Cl7- species reduction, Equation 30 occurs to result in 
aluminum deposition. It was suggested that reduction of the cation occurs before reduction of 
aluminum from AlCl4- which is why the species is unfavorable for deposition. [53-55] 
 
AlCl4- + AlCl3  Al2Cl7-   Equation 29 
4Al2Cl7- + 3e-   Al + 7AlCl4-  Equation 30 
 
This flexible nature increases their versatility.[52-54] With respect to this, non-
haloaluminate ionic liquids are fixed in their solvating property. These are the discussed 2nd 
generation ionic liquids. These ionic liquids are generally weakly Lewis acidic or basic and their 
solvating properties are limited. Discussed by Moustafa, the mixing of [EMIm]Cl with 2nd 
generation ionic liquids has been investigated to alter the basicity and acidity. In one such study, 
this action resulted in a more Lewis basic melt which facilitated dissolution and stabilization of 
Cu(I) ion in solution.[26] 
 
III.II.II.IX Impurities, Water Sensitivity and Related Effects 
 Most ionic liquids are hydroscopic in nature. For many of these hygroscopic ionic liquids 
the absorption of water has to be avoided as it can result in ionic liquid degradation. This can be 
both a benefit and difficulty; it is difficult because the liquids then require inert environments for 
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practical use but it is also a benefit for the electrodeposition of water and oxygen sensitive 
substrates such as aluminum and magnesium which adhere better to the plated Al-layer when 
plated in the absence of water and oxygen.[13] A relatively recent research project showed that 
an addition of 100 ppm of water increases the corrosion rate of certain Mg alloys by one order of 
magnitude in the ionic liquid 1-butyl-3-methyl imidazolium trifluoromethylsulfonate 
([BMIm]CF3SO3).[56] Therefore maintaining low water concentration is very important. The 
study used air and water stable ionic liquids.  
Air and water stable ionic liquids are very hydrophobic and thus it is proposed they can 
be used outside of inert atmospheres. One of the main factors contributing to an ionic liquid’s 
ability to absorb water is its anion. Varying types of anions will react differently with water due 
to varying degrees of hydrogen bond interaction; some will attract water more than others. In 
addition to this attraction, varying types of anions will change the structure of water in the ionic 
liquid. It was found in previous research that anions such as [TFSI]- and PF6- are extremely 
hydroscopic and readily absorb water at different rates and to a different extent. [44]  N,N,N’,N’-
tetramethyl-p-phenylenediamine showed a reduced viscosity in the presence of moisture, 
whereas halide increased viscosity. [57]  These serve as an example of consideration when 
choosing an ionic liquid for use in electrochemical experiments with water sensitive substrates.  
One very characteristic property of ionic liquids is their low vapor pressures. Low vapor 
pressures allow the removal of water contents by heating under vacuum in some cases, such as 
ionic liquids containing the [TFSI] anion, to less than 1 ppm.[12] Research then requires work in 
either an inert atmosphere [57-60, 62-64] or under vacuum.[57, 65-66, 68] This research project 
took these concerns into consideration and in response has chosen ionic liquids suitable for the 
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experimental conditions and applied vacuum in inert gas atmosphere drying a few of the ionic 
liquids used.   
 Additionally, with ionic liquids halides, impurities or various solvents can be introduced 
during synthesis. Halides, as discussed, will likely effect viscosity and the electrochemical 
window. It was shown by Seddon et al that small changes in chloride concentration caused 
substantial increase in viscosity and reduction in the electrochemical window of two 
imidazolium based ionic liquid electrolytes with BF4- and PF6- as the anions. [62] Moustafa 
reported on this study that it is likely the bromide and chloride, due to their electro activity at a 
lower potential then that required to oxidize the fluorinated anions, acted to thus narrow the 
electrochemical window. [26] 
 
III.II.II.X Electrochemical Window 
 The electrochemical window is key to the use of ionic liquids for electrodeposition. It is 
defined as the potential range at which the electrolyte is neither being reduced or oxidized. As 
put by Sam Cowart in regards to the electrochemical window, “this corresponds to the voltage 
range where faradaic currents across the electrode-ionic liquid interface are absent or relatively 
small.” [69] In this case faradaic currents are anodic or cathodic currents that result from 
oxidation or reduction of the ionic liquid’s anions or cations. This window determines the 
electrochemical stability of a compound and is important when considering the reduction 
potential of metals. The reduction potential of any metal ion is the voltage required to overcome 
energetic barriers of the oxidized form and successfully reduce to the metallic state. In other 
words, it is the voltage required to push electrons into the LUMO (lowest unoccupied molecular 
orbital) of an oxidized element thereby reducing its overall charge. Different elements and their 
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oxides differ in reduction potentials. For example, the reduction potential of aluminum oxide 
(Al2O3) to aluminum is -1.66 V at standard conditions (vs. SHE, the standard hydrogen 
electrode). [14] 
Due to water’s narrow electrochemical window of -1.23 V at standard conditions (vs. 
SHE) Aluminum and other metals such as tantalum, niobium and chromium cannot be 
electrodeposited from aqueous solutions due to water’s narrow electrochemical window of -1.23 
V at standard conditions (vs. SHE). Water destruction leads to the formation of oxygen and 
hydrogen ions. This can lead to hydrogen embrittlement from reduction of hydrogen ions at the 
cathode and the generation of insulating oxides at the anode.  
Ionic liquids are superior to aqueous solutions in this respect. Generally, ionic liquid 
electrochemical windows are greater than 2 volts, sometimes upwards of 4.5 volts. For example, 
4.15 V for [BMIm]PF6 at a platinum electrode [57], and 4.1 V for [BMIm]BF4 [57] and 5.5 V for 
[BMP]TF2N [29] both at a glassy carbon electrode. In theory the high electrochemical windows 
of ionic liquids allows for the electrodeposition of the refractory metals such as tantalum, 
magnesium, titanium, germanium, aluminum and chromium.  
With water contents below 1 ppm, hydrogen embrittlement and the formation of other 
electrolyte degradation products is not a concern. Fluoridated anions such as BF4- have been used 
extensively for their large potential window (reported to be 5.8 V) [14]. Anions of the fluoridated 
nature such as BF4- or PF6- show great sensitivity to water, their potential window is altered by 
small additions.[14, 25] Although dependent on water concentration,  redox limits of ionic 
liquids with fluoridated anions are more so a function of anion and cation stability.  The potential 
window can be stated to be >4 . [37] More recently ionic liquids have shifted to water stable 
anions which, though having a narrower potential window, do not suffer the effects of water 
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hydrolysis. [14] Common eutectics prepared with metal halides such as AlX3, where X is a halide 
follow a rule: the more Lewis acidic the metal halide is, the more negative the reduction 
potential. Some studies show that these eutectic mixtures show a certain tolerance to water up to 
10 wt. %, which is a benefit when trying to create practical large scale applications with ionic 
liquids. [14]  
In certain cases, it may be that the oxidative and reductive limits are dependent solely on 
the related cation and anion. Matsumoto showed that for various TFSI salts the reduction limit 
changed with changing cation yet the positive oxidative limit did not change; implying a certain 
level of molecular specification to redox limits. [14] It is noteworthy that although the anodic 
limits are often limited by the liquid at hand, it has been found that in applications of ionic 
liquids the anodic limits are rather controlled by the oxidation of the electrode material in cases 
where large halide concentrations are present. Such large halide concentrations, such as in the 
case of [EMIm]Cl, breakdown metal oxides that are present on electrode surfaces. Thus as a 
result few metals are chemically inert in ionic liquids, rather being chemically activated by ionic 
liquids which is beneficial for applications such as electrodeposition.  
It is of note that even in more recent history there is difficulty in comparing the 
electrochemical windows as the reporting of potential windows with ionic liquids is unclear for a 
few reasons. One of these reasons is that the purity of ionic liquids is often a question. There is 
no standard practice for measuring or maintaining pure ionic liquids. Also, the effect of solvent 
breakdown and reaction in ionic liquids is not well understood or reported: solvent breakdown 
and reaction could significantly affect the electrochemical window measurements of ionic 
liquids. Finally, there is no standard electrode system. Traditional electrodes used in 
electrochemical study cannot be used due to the non-aqueous and often aggressive nature of the 
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ionic liquids. One will find quasi-reference electrodes, silver, platinum, aluminum or even 
metallocene ((C5H5-)2M+)  derivative reference electrode systems. [58-60, 68, 70, 71] One study, 
discussed by Moustafa [26] and conducted by Bond [70] yielded, “When tested in [BMIm]PF6, a 
reversible, one electron reduction process was observed for cobaltocene with a potential 
independent of electrode composition, concentration and scan rate. Ferrocene was found to be 
poorly soluble in this medium, but may function as a less expensive alternative for other ionic 
liquids. Nevertheless ferrocene can be employed as an internal standard for many ionic liquids.” 
Such an observation could act to set a standard for electrochemical measurements.   
 
III.II.III Electrodeposition of Non-Aluminum Metals and Alloys 
As a result of the beneficial properties of ionic liquid based electrolytes they have been 
utilized in the electrodeposition of semiconductors, as well as other pure metals and alloys. 
These studies although not concerning aluminum indicate areas that should be considered when 
depositing aluminum from ionic liquids.  
Zein El Abedin and Endres are two notable professionals actively involved in 
electrodeposition investigations from ionic liquids.  These two spent a considerable amount of 
time considering the electrodeposition of germanium, a semiconductor that similar to aluminum 
that cannot be deposited from aqueous solutions. Endres reported successful deposition with an 
intermediate reduction mechanism of Ge4+ to Ge2+ to Ge0 from 1-butyl-3-methylimidazoium 
hexafluorophosphate ([BMIm]PF6) ionic liquids saturated with germanium halides (GeX4) where 
X is either Cl, Br or I. [12, 72-74] Abedin reported that 50-150 nanometer diameter silicon was 
obtained from [BMPy]TFSI with 0.1 mol/L SiCl4 onto Au(111) surface. [75-76]  
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What is interesting is that the reduction of germanium is similar to an investigation the 
author of this thesis partook with Sam Cowart and Juergen Fischer regarding tantalum 
deposition. Tantalum is a refractory f block metal, electroreduction of the f block metals can be 
difficult. From the investigations it was hypothesized, although not decisively proved, that Ta5+ 
was reduced in [EMIM]Cl and [BMIM]TFSI ionic liquids to an intermediary reduced metal; 
Ta2.3-2.5+ fluorine deposits were generated and pure tantalum was not obtained. Similar 
investigations by Fischer into the electrodeposition of niobium indicate niobium likely formed 
similar deposits. [69] These investigations match results obtained by Endres. [77] More 
investigation is needed to clarify and further investigate these two similar phenomena.  
Copper and zinc alloys have been deposited from ionic liquids as well. Pure copper from 
[EMIm]BF4 and [EMIm]Cl based ionic liquids, copper zinc alloys from acidic 50-50 mol % 
ZnCl2-[EMIm]Cl. [78-79] Many other zinc alloys, Pt-Zn, Fe-Zn, Sn-Zn, Sb-Sn-Zn, Cd-Zn, are 
reported [80-86].  In one case, it was reported that the addition of dihydric alcohols (alcohols 
with two hydroxyl groups) increased cathodic efficiency, morphology and color of the 
deposit.[87] Cadmium, antimony and Pd-In  have all been deposited from [EMIm]Cl:BF4 
electrolytes onto glassy carbon and nickel cathodes, respectively.[88-90] The deposits generally 
are smooth or contain small nodules. In the case of copper, good adhesion was reported.[78]  
Research has also investigated the deposition of nanoparticles, specifically those of 
common catalysts such as platinum. The benefit of electrochemical nanoparticle production is 
the potentially precise control over size and shape by controlling temperature, stir rate, current 
density, potential and bath composition. Investigations were able to deposit spherical 
nanoclusters from [BMIm]PF6 electrolytes. [81, 91-92] 
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It has also been reported that deposition of silver is possible from [BMIm]PF6  (which is 
hydrophobic) and [BMIm]BF4 (which is hydrophilic) electrolytes without the risk of aluminum 
deposition onto glassy carbon. Aluminum codeposition occurred when depositing from [EMIm] 
cation based ionic liquids with aluminum silver chlorates. [93] Also, silver palladium alloys have 
been successfully deposited from [EMIm]Cl and[EMIm]BF4 ionic liquids in electrolytes 
containing Pd 2+ and Ag1+ in the temperature range of 35-120 oC. [78] 
These investigations indicate the great potential of these electrolytes. What is concerning 
is that in the face of appealingly positive results virtually no commercial processes have been 
developed and few patents have been filed regarding any of the above stated deposition 
processes. Notably, little of this research has provided discussions of what experimental deposit 
quality to what is expected. This indicates and creates substantial difficulty in scaling up these 
preliminary lab scale investigations to the industrial level of production. 
 
III.II.IV Electrodeposition of Aluminum: Past and Present Methods  
Aluminum cannot be electrodeposited from aqueous solutions.  This fact has led the push 
for research into new cost effective and efficient non-aqueous process to electrodeposit the 
metal. Historically since 1886, 95% of the aluminum produced is a result of two steps; first the 
Bayer Process where Bauxite ore (33-55% aluminum oxides) is reacted with sodium hydroxide 
at 175 oC to generate sodium aluminate by Equation 31. Historically, Equation 32, was applied to 
generate aluminum hydroxide (Al(OH)3). However it was discovered that simply adding high 
purity aluminum hydroxide crystal to the heated the molten NaAl(OH)4 seeded the solution to 
precipitate out Al(OH)3 (shown by Equation 33). From here, Equation 34 at high temperatures 
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(960-980 oC) in a process called calcination, aluminum hydroxide is converted to alumina. [94-
95] 
 
 A2O3 + 2 NaOH + 3 H2O → 2 NaAl(OH)4                                       Equation 31 
2 NaAl(OH)4 + CO2 → 2 Al(OH)3 + Na2CO3 + H2O                   Equation 32 
NaAl(OH)4 + Added Al(OH)3  →Conversion of NaAl(OH)4 to → Al(OH)3             Equation 33 
2 Al(OH)3 → Al2O3 + 3 H2O                                                      Equation 34 
 
Following the generation of alumina the electrodeposition of aluminum from the molten 
cryolite occurs in the well-known Hall-Héroult process utilizing Na3AlF6 (cryolite) in which 
aluminum oxide, Al2O3 is dissolved. The process requires high temperatures around 1000 oC 
which makes it impractical for use in coating most materials, nonetheless it produces pure 
aluminum.[53, 96]   
Other methods have developed over the years such as physical vapor deposition, 
chemical vapor deposition, thermal spray coating, hot dipping, and roll binding. Although the 
historical methods for producing aluminum required high temperatures, there have been many 
attempts, some to a certain degree of success, in developing a low temperature non-aqueous 
plating systems.  [26, 53] 
Such systems can consist of different combinations of organic compounds. One system 
utilized aluminum salts (namely AlCl3) and lithium hydride (LiH) dissolved in etheric solvents 
like diethyl ether (Et2O).  This is known as the NBS (National Bureau of Standards) electrolyte 
and was applied by the General Electric Company after being initially developed in the 1950s. 
The bath underwent a few renovations. Lithium aluminum hydride (LiAlH4) replaced LiH 
resulting in an increased bath lifetime. Then, although a cathodic 90% and 100% anodic current 
efficiency was reported at current densities of 0.2-0.5 mA/cm2, it was not possible to continually 
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electrodeposit aluminum at the cathode; the electrolyte depleted itself of aluminum ions. As a 
result, LiAlH4 had to be continually replaced. [53, 97-100] In addition to the required addition of 
AlCl3 over time, the electrolyte had limited life time, flammability and hydrogen embrittlement 
occurred [53]. Nonetheless, General Electric utilized the bath to deposit adherent aluminum 
coatings at least 300 micrometers thick with current densities of about 21 mA/cm2 because the 
electrolyte had a decent throwing power. Higher temperatures and lower current densities were 
found to prolong the bath lifetime but none the less this did not change the intrinsic issues of the 
bath system. [101-102] 
Consequently, THF and THF:Benzene mixtures were switched to be the solvent for the 
AlCl3 salt and LiAlH4 as they are less flammable, less volatile and provide better anode 
dissolution and longer electrolyte lifetime. A bath of 60 vol.% toluene and 40 vol.% benzene at a 
current density of 1 mA/cm2 and 0.7-1.3 mol/L AlCl3 and LiAlH4 successfully deposited 
aluminum.[103] Other solvents (such as 1,2-dichloroethane) were tried as alterative to using 
benzene with the THF however quality deposits were not obtained. The bath was further 
investigated with kinetics, morphology and mechanism evaluated onto glassy carbon and smooth 
gold cathodes but further development has not occurred. The resultant layers were similar to that 
of previously reported results. [104-105]  
Nisshin Steel Co. in Japan utilizes a THF electrolyte similar to the NBS bath for 
deposition of aluminum onto steel wires and strips used in integrated circuits and carbon fibers. 
This electrolyte consists of >60 vol.% THF and may contain additions of 0.7-1.3 mol/L AlCl3, 
LiAlH4 and 40 vol.% benzene and/or at times other hydrocarbons. [106-108]  Attempts have 
been made to produce better quality results by adding various aromatics (such as toluene, 1,2-
dichloroethane and toluene), or instituting pretreatment procedures for iron and steel however 
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none of these showed a notable effect.[53, 103] Aluminum-magnesium alloys may be deposited 
with MgBr2 salt, but research was performed onto glassy carbon and smooth gold electrodes. 
[53, 104-105]  
Other systems have attempted to apply aromatic hydrocarbons for use in electroplating. 
These systems often combine toluene and various metal halides together. Many of these baths 
suffer poor corrosion resistance in the plated layer and impurities.  
One example stems from developments of AlBr3 solutions. Here the aluminum salt is 
dissolved in either ethylpyridinium bromide, ethylenepyridinium dichloride and 
ethylenepyridinium dibromide. [109-111]. Similar to [EMIm]Cl with dissolved AlCl3, aluminum 
halide complexes are the species likely responsible for the reported 6 micrometer deposits; most 
likely, Al2Br7-.  Current efficiencies of 80-92% with current densities of 0.2 to 2 mA/cm2 were 
obtained.  [109-111] Research indicated the addition of quaternary ammonium salts improved 
the brightness of the deposit at low concentrations. However when increased, the salt was found 
in the deposited layer; this reduced purity and corrosion resistance. Further investigations yielded 
better results where alkali bromide was added (typically KBr). [112] This resulted in an 
electrolyte composed of 25-45 vol.% AlBr3,  vol.1% 1 M KBr with the remainder one of the 
pyridinium halide hydrocarbons mentioned above which resulted in smooth, homogeneous and 
microcrystalline high purity (99.5% Al) deposits with high current efficiencies (near 100%) at 1 
mA/cm2 onto copper, brass and steel. From this type of electrolyte aluminum co-depositions 
were also attempted with relatively similar success. [113] Moustafa et al. describes the function 
of these non-industrial applied electrolytes best, 
 “The function of each component of the bath can be characterized as follows. AlBr3 is the 
aluminum-containing component. The alkali bromide (MBr) has to increase the solution 
48 
 
conductivity to the value required for electrolysis, i.e. 1-6 mS/cm, and to improve the throwing 
power of the solution by forming anions of the types Al2Br7- AlBr4-. The concentration of the 
alkali bromide must not exceed 1 mol/l because co-deposition of the alkali metal can occur. The 
function of the solvent itself, apart from its dissolution properties, consists in its ability to bind 
protons formed in contact with the surroundings. The stability of the sigma complexes of 
aromatic hydrocarbons with protons increases in the following sequence: Benzene<toluene< m-
xylene< mesitylene. In general, the longer and more branched the chain or the higher the 
number of aromatic rings, the better the reactivity of the hydrocarbon towards protons.” [26] 
 
Correspondingly is the recent works of AlBr3 and HBr electrolytes. These 36-45 vol.% 
AlBr3 in a 1:1 ratio with ethylbenzene or diethylbenzene and toluene show 100% cathodic and 
anodic current efficiencies at 0.1 mA/cm2. At higher current densities the current efficiency 
decreased. The deposition quality was claimed to be very good regarding strength and corrosion 
resistance at 25 picometers thick. Bath life was excellent and at one year of operation no change 
of composition and performance was noticed. The HBr acts to increases conductivity to about 3-
4 mS/cm. Further developments that utilized o-, m- and p-xylene were investigated. The 
investigations reveal a slight reduction in current efficiencies (90%), hydrogen evolution, and 
solvent decomposition although other more recent investigations obtained “high quality” 
coatings with 60-80% current efficiency with xylene, ethylbenzene, ethylene-durene electrolytes. 
Also, investigations into AlBr3 ethylbenzene mixtures without additives were investigated, 
however the electrolytes over time changed color from yellow to brown, and increased in 
conductivity [53]. The formation of Al2Br4OHC8H10+ complexes likely occurred. However, 
aluminum deposition was found to not be possible from such mixtures or similar mixtures based 
49 
 
solely on toluene. Such attempts resulted in low current efficiencies, poor quality depositions and 
insights of kinetics in such solutions. [53, 114] 
Moustafa gives an excellent description of work by Capuano that describes the essential 
chemistry behind these deposition processes. The highlight of this work is that the aluminum 
bromide and alkylbenzenes interact to form dimer complexes. The aluminum cation is 
responsible for deposition and the various dimers are responsible for the conductivity.  HBr 
additions act to form monomeric complexes, which increase conductivity. Co-deposition 
processes are limited by diffusion and pulse plating increases alloy coatings thickness. [26] 
Work with organoaluminum compounds has yielded very pure aluminum layers up to 
99.9999% at 90-100 oC, which hold promise. The pyrophoric, toluene containing electrolytes 
created the need for an alternative method for aluminum electrodeposition due to the dangerous 
nature of the electrolyte. The AlumiPlate process, which is one of only two commercial 
aluminum deposition processes in the world uses a toluene based electrolyte. Improved by 
Fischer for the AlumiPlate company the patented process is able to deposit very pure, well 
adhered, corrosion resistant aluminum coatings with 100% cathodic and anodic current 
efficiency. [115] However, the process utilizes flammable organic solvents with pyrophoric 
aluminum alkyls which are both ESOH hazards. Similar to the AlumiPlate process is the SIGAL 
(Siemens-galvano-aluminum) process. Here also alkylaluminum compounds in toluene are 
utilized. Good quality deposits can be obtained, but again, the electrolyte is pyrophoric. [116] 
The final non-ionic liquid alternative to aluminum deposition is based on dimethyl 
sulfone (DMSO2) electrolytes. Here AlCl3:LiCl (2:1 mole ratio)  is dissolved in DMSO2. In 
initial investigations, at a 1:1 salt ratio no deposition was observed. The 2:1 mole ratio resulted in 
smooth, continuous deposits. The electrolyte offers high conductivity, thermal stability and good 
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solvating property. Chronoamperogramic studies indicated diffusion controlled growth of the 
deposited layer on a tungsten electrode. Raman Spectroscopy revealed AlCl4- was the main Al3+ 
species in melts with and without LiCl. In addition Al2Cl7- was not found in the melts, rather, 
Al[(CH3)2SO2]33+ was formed between DMSO2 and Al (III) which was the complex responsible 
for the aluminum deposition. The specific reactions are discussed in literature. [53] More 
recently, in 2002, the codeposition of aluminum with SiC, SiO2, Al2O3, TiB2 and hexagonal BN 
particles was accomplished in the electrolyte with promising results. [117] 
In summary, many of these non-ionic liquid, non-aqueous electrolytes offer promise for 
commercial and industrial aluminum deposition. However, these baths share many of the same 
problems. They may be flammable, volatile, pyrophoric, hygroscopic, complicated to handle, 
orcontain ESOH hazards. Nearly all still require more development to be commercially viable 
and competitive, furthering the need for another alternative.  
 
III.II.V Aluminum Deposition from Ionic Liquid Based Electrolytes 
  As a result of water’s limited reduction potential, the concerns regarding the ESOH 
hazards of other nonaqueous electrolyte baths and the intrinsic properties characteristic to ionic 
liquids the development of an Al-plating ionic liquid electrolyte is at the forefront of research 
and development. Such an Al-plating electrolyte could serve as an alternative to the 
commercially used aluminum plating electrolytes based on pyrophoric aluminum alkyls. Over 
the last few decades several ionic liquids have been reported for the electrodeposition for the 
electrodeposition of aluminum onto various substrates, but few have seen practical, commercial 
vitality although some pilot plants are “in the works” [12].  
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When electrodepositing aluminum in non-aqueous solutions, it is sought to dissolve 
aluminum from an Al-anode and then reduce the aluminum ions, making it once again a solid at 
the cathode in as pure of a layer as possible. The general reaction follows the format as seen in 
Equation 35 and 36,  
 
Al  Al3+ + 3e-                 when dissolving the aluminum from the anode Equation 35 
Al3+ + 3e-  Al            when plating the aluminum onto the cathode Equation 36 
 
It is desired to make this reaction occur as effectively and efficiently as possible. When 
electrodepositing aluminum, or any metal, numerous parameters can be altered or varied to 
change characteristics of the plated layer. These parameters include changing the ionic liquid by 
altering the anion or cation, changing the stir rate, operating temperature, salt additives, organic 
solvents, brighteners, current density, pretreatment of the electrodes, and overall general 
atmosphere of the plating experiment (water and oxygen content, inert atmosphere, etc).  
Different ionic liquids have been applied to aluminum electroplating. 1-ethyl-3-
methylimidazolium X ([EMIm]X), where X is a halide, is the most researched, developed and 
applied ionic liquid for use in aluminum electroplating electrolytes. In research, either chloride 
or bromine is the anion attached to the organic cation with chloride being the most common[12, 
14, 25, 44, 56]. Often published, and a concern is the effect of electrolyte acidity [53-55]. With 
[EMIm]X electrolytes it is required that the electrolyte be Lewis acidic. It is only from the Lewis 
acidic electrolytes that aluminum can be electrodeposited.  
    Acidity is important because many ionic liquid AlCl3 systems such as those based on 
cations 1-butyl-1-methylpyrrolidinium ([BMPy]) used to generate 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPy][TFSI]) * AlCl3, exhibit 
temperature dependent biphasic behavior. In the case of [BMPy][TFSI] * AlCl3 below 1.5 mol 
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AlCl3 per liter [BMPy][TFSI] (mol/L) solutions are monophase. Solutions from 1.5-2.7 mol/L 
solutions are biphasic and for those above 2.7 mol/L the solution is single solid white phase. It 
was found that as the concentration of AlCl3 increased the aluminum speciation (appearance of 
aluminum in solution) became high enough that deposition could occur. A NMR investigation 
into this biphasic structure yielded that the lower phase formed a neutral, mixed chloro-TFSI 
aluminum species and the upper phase contained 1-Butyl-4-methylpyridinium cation as well as a 
mixture of [TFSI]-aluminum complex ions.[121]  
The effect of AlCl3 concentration is further illustrated through an investigation of 
aluminum species present by using Al-NMR. In a [BMPy][TFSI]
 
based ionic liquid electrolyte at 
low concentrations (approximately X AlCl3<0.5) at least two octahedral resonance structures 
were present. [35] It was stated that these structures result from [TFSI]-rich aluminum species 
such as Al[TFSI]3 and its isomers; a result of the excess of available [TFSI]- anions. Upon 
addition of AlCl3  the Cl- anion increased in concentration. As a result of this, tetrahedral 
structures created by AlCl4- are initially present until the concentration reaches that of 0.67 M 
AlCl3 in which the predominant species became  Al2Cl7-. From this species it has been 
experimentally proven that it is possible to electrodeposit aluminum. Furhtermore, two additional 
species may form and become electroactive, [AlCl3[TFSI]]- and/or [AlCl2[TFSI]2]- a result of 
their lower binding energies when in comparison to Al2Cl7-. It is likely that a similar situation 
occurs in the [EMIm]Cl ionic liquid, the base ionic liquid in all electrolytes of concern in this 
study. [35] These findings illustrate the importance of acidity as it clearly has a direct impact on 
molecular speciation in the electrolyte. 
Figure 4 is a cyclic voltammogram of a plating system onto steel with a molar ratio of 
[EMIm]Cl * 1.5  AlCl3 which ensures Lewis acidity. From Figure 4 it can be seen that at a 
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potential of about -0.08 V measured versus an Al-wire reduction of the aluminum begins when 
plating onto an aluminum substrate. From the reduction potential a crossover effect described by 
a nucleation process can be seen. In this crossover situation on the return sweep it can be seen 
that the current is higher in magnitude then the initial sweep. This results from nucleation and 
can be described as the alignment, charge layering and initial plating of aluminum. This is 
explained by the crossover potential range on the initial sweep. It increases non-linearly and then 
on the return sweep maintains a linear characteristic. After the nucleation loop at roughly 0.3 V 
the aluminum is dissolving at its peak rate. From this same study conductivities were analyzed of 
the 2:1 M ratio AlCl3-[EMIm]Cl electrolyte.  This illustrates the importance of heating and 
stirring the electrolyte as these two actions will act to reduce the diffusion driven effects of the 
plating.  
 
 
Figure 4: Cyclic voltammogram of Al deposition on mild steel substrate in Lewis acidic ionic 
liquid [EMIm]Cl * 1.5 AlCl3 at room temperature with scan rate of 10 mV/s. [55]  
Al Dissolves 
Nucleation Loop 
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Often times altering the temperature of an electrolyte can alter the characteristics of the 
plated layer, as well as electrolyte lifetime. As shown in Figure 5 the conductivity of the ionic 
liquid increases with temperature, however the electrolyte appears to become unstable above 160 
oC. From literature, “It was found that the 1.5:1 and 2:1 AlCl3/[EMIm]Cl ionic liquids are quite 
stable below 100 oC however they became dark brown quickly as the temperature increases 
above 160 oC. The change in color was probably due to the chemical decomposition of 
[EMIm]Cl.”[55] It is important to keep this observation in mind and maintain, with the 
[EMIm]Cl ionic liquid, temperatures below 100 oC. One other important consideration when 
increasing temperature of ionic liquids is that the electrochemical window will get smaller as 
temperature increases. This led to the conclusion that aluminum is best electrodeposited at 
temperatures below 100 oC because a long electrolyte lifetime is important for this process. 
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Figure 5: Electrical conductivities of [EMIm]Cl * 1.5 and 2 AlCl3 electrolytes as a function of 
temperature and composition. The inset shows the Arrhenius plot of data. [55] 
 
Current density is very important in any electroplating experiment. Galvanostatic 
deposition experiments found that deposits from the 10-100 mA/cm2 range were dense and well 
adhered to aluminum, the substrate of the experiment. At current densities greater than 100 
mA/cm2 the plated layer showed dendritic growth and poor adhesion. [55] Grain size at 20 
mA/cm2 was roughly 30-50 micrometers in size, decreasing in size up to 50 mA/cm2 after which 
they appear to grow. 40 mA/cm2 showed the highest current efficiency reportedly, increasing to 
100 % from current densities below and decreasing from 100% at current densities above 40 
mA/cm2. [55] 
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A similar study evaluated aluminum deposition onto steel substrates using current 
densities of 20 and 10 mA/cm2 for 4 and 2 hours. The substrate was etched prior to the -20 
mA/cm2 by reversing current direction in situ. It is likely that iron ions were formed and 
subsequently reduced, thus being co-deposited with the aluminum layer forming what the 
authors call a “Fe-Al sandwich”. The test at 10 mA/cm2 also yielded a well adhered and bright 
deposit. [116] Figure 6 is an optical image from this plating experiment. In this experiment 
proficient adhesion was found such that the layer could be mechanically polished to mirror 
brightness. An immersion test in NaCl solution yielded corrosion of bare steel substrate and an 
no notable effect on the aluminum layer for both experiments, with no indication that one current 
density was superior to the other.  
 
Figure 6: “Optical view of cross section for about 40 micrometers of Al coating grown at -20 
mA/cm2 with significant adherence improvement on mild steel by in situ electrochemical 
etching.” [116] 
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In a different electrolyte AlCl3/[BMIm]Cl (2:1 M ratio) the effect of varying current 
density from the range of -8 to -26 mA/cm2 was evaluated and provides a good analysis of both 
temperature and current density effects, Figure 7 and 8. These variations of current density were 
replicated at both 45 and 75 oC. It was noted that higher absolute current densities greater than 26 
mA/cm2 resulted in dendritic, poorly adhered deposits at both temperatures. However, deposits 
obtained in the range of 14-26 mA/cm2 at 45 oC were together similar in microstructure, with 
little variation. However, in the experiments at 75 oC the microstructure changed implying that at 
higher temperatures structure of the plated layer is more dependent on current density then at 
lower temperatures [120].   
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Figure 7: SEM micrographs of the aluminum coatings obtained from 2:1 (M ratio) 
AlCl3/[BMIm]Cl at 348 K for 0.5 h under stirring condition by magnetic stirrer (300 rpm) with 
different absolute current densities. a) 14;  b) 22;  c) 34;  d) 44 mA/cm2. Their nominal 
thicknesses are 7.25, 10.69, 15.56, and 19.63 µm. From “A promising method for   
Electrodeposition of aluminum  onto stainless steel in ionic liquid.”[120] 
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Figure 8: SEM micrographs of the aluminum coatings obtained from 2:1 (M ratio) 
AlCl3/[BMIm]Cl at 318 K for 0.5 h under stirring condition by magnetic stirrer (300 rpm) with 
different absolute current densities. a) 14;  b) 18;  c) 22;  d) 26 mA/cm2. Their nominal 
thicknesses are 7.83, 10.00, 11.25, and 12.60 µm, respectively. From “A promising method for   
Electrodeposition of aluminum  onto stainless steel in ionic liquid.”[120] 
 
Current efficiencies of the system decreased with increasing absolute current density and 
also with the increase in temperature, ranging from 78-90% at 45 oC and 71.8-83.3% at 75 oC. 
Also a consideration of this experimental study, temperature was varied. “To determine the 
optimum operating temperatures, the effect of electrolyte temperature was investigated in 2:1 
AlCl3/[BMIm]Cl at 22 mA/cm2. It was found that almost silver gray or black deposits were 
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formed at temperatures higher than 348 K. However, shiny and homogeneous deposits were 
obtained at 298-348 K. The optimum temperatures were found to be in the range from 308 to 328 
K, where smoother, denser and brighter deposits were obtained.” [120]  
 EDS analysis from this study reveals that at 45 oC and 18 mA/cm2 the atomic percentage 
of aluminum is approximately 95.16 % of the plated layer, 94.88 % at 34 mA/cm2. [120] The 
balance is oxygen which is expected to form a thin oxide layer, and aluminum and iron from the 
steel substrate. These experiments led to two conclusions. First, that temperatures between 30 
and 100 oC are optimal for aluminum electrodeposition from ionic liquid electrolytes. Secondly, 
that a current density between 5-50 mA/cm2 is ideal for aluminum electrodeposition. [116, 120]  
As a result of these studies on the correlation of temperature, current density and quality 
of the plated layer it was decided to vary experimental plating temperature between a range of 
30-90 oC. This allows further evaluation of the effects of the temperature on plating success as 
well as a relative comparison between electrolytes.  
In regards to aluminum deposition onto magnesium, past literature indicates difficulty in 
obtaining well adhered quality aluminum deposits. [121] A strong metallic bond has 
requirements. Ideal metallic bonds are formed between metals of a similar crystal structure. Pure 
magnesium favors a hexagonal close packed structure, pure aluminum favors a cubic close 
packed structure. In addition, both magnesium and aluminum lack many bonding electrons 
which limits their ability to bond.  [132] One study employed the strategy to co-deposit zinc and 
aluminum in an attempt to achieve good adhesion and compatibility with highly utilized zinc-
aluminum alloys. It was found that depositions in 1 wt% ZnCl2 addition to acidic [EMIm]Cl*1.5 
AlCl3 yielded rough dendrite layers. [121] In the experimental setup zinc’s reduction potential 
occurred before that of aluminum. Zinc reduced at -0.08 V (vs Al wire in 60% mole fraction 
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AlCl3 to [EMIm]Cl) whereas aluminum reduced at -0.1 V.  Therefore zincs rate of reduction 
should be faster than the aluminum. Dendrites primarily composed of zinc with a zinc-aluminum 
encapsulation appear to validate this claim.  As the potential decreased to past -0.1 V the 
coatings changed, turning into a granular structure. When the voltage was reduced to -0.3 then -
0.4 V the deposition rate increased proportionally; implying current density increased along with 
decreasing voltage. In addition, at these large negative values the structure contained less and 
less zinc until a point was reached at which the zinc was depleted and only aluminum was 
deposited. [121] It appears from the study that there was difficulty in acquiring a uniform 
chemical composition and thickness over the cathode’s entire surface area past the point at which 
zinc deposits. It is possible that changes to electrolyte formulation and cathodic potential would 
make this process better. The granular layer obtained at high voltages, which contained little 
zinc, indicates that it is possible to obtain an aluminum layer from ionic liquids. However, the 
granular layer brings concern that there may be difficulty in obtaining a pore free clean layer 
with aluminum deposition from ionic liquids onto magnesium. The presence of pores results in 
poor corrosion resistance.  
  Additionally, as it is well known that magnesium readily forms oxide/hydroxide layers 
quickly in air it is important to remove these layers if adequate adhesion is to be achieved. Yang, 
et al, discovered adhesion problems with electrodeposition onto the AZ91D Magnesium Alloy. 
Notable,  
 “…Routine handling of the as electrodeposited specimen, along with simple adhesion 
peel-off tests (using the tape test) could be used to assess the adhesion of the deposited layer. 
Unfortunately, the adhesion strength was not high, and following tape testing, bubbles were 
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observed, indicating that the adhesion between the Al coating and the Mg substrate is poor...” 
[122] 
An additional consideration is that Mg is less noble then Al. In a solution of Al ions it is 
inevitable that aluminum will precipitate and Mg will dissociate into solution. [122-123] This 
chemical reaction needs to be avoided. An uncontrolled displacement deposition reaction will 
typically result in the formation poorly adhered powder. The substrate dissolves while the 
depositing coatings grows, inevitably these results in poor surface morphology as dendrites, 
powder, nodules and surface fractures form all across the cathode surface. Heat treatment 
appeared to overcome this issue [122]. However, such treatment was not considered in this study 
as the goal is to maintain successful plating at low temperature conditions.  
One alternative to overcome the difficulty of plating aluminum onto magnesium would 
be to employ a thin intermediate layer, like Ni or Cu, over which the aluminum could be 
deposited. Doing so though may be unfavorable, requiring an extra step in production processes 
which can be costly, and introducing a powerful galvanic element which can increase the 
sensitivity to corrosion. None the less, it is important to consider the success of any attempts. 
One research team from Northeastern University, Shenyang China evaluated the success of 
doing so. The focus was to perform a zinc immersion test and then evaluate the effect this had on 
deposition success. A HF activation film was employed by substrate submersion in 400 mL/L 
HF acid solution followed by the zinc immersion for 20 minutes. Morphology appeared to 
improve with this zinc layer; however no note was made toward improved adhesion. [124]  
In summary, these studies illustrate the difficulty in electroplating aluminum onto 
magnesium in ionic liquid based electrolytes and in general. This information laid the foundation 
for the magnesium tests conducted in this study. The main difficulty is controlling the chemical 
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displacement reaction between aluminum and magnesium. In literature, to generate a pure, dense 
aluminum coating the following were considered: 
• Literature utilized the zinc strike coating, which adds an undesired processing 
step. 
•  Heat treatment though appearing to be a viable method to get around the result of 
the aluminum-magnesium reaction, which negates the point of a lower 
temperature aluminum coating.   
To try and solve this issue, a different approach from literature was attempted. The goal 
was to control the deposition process with a cathodic potential, which was applied prior to 
immersion in the electrolyte. The results of this are discussed in the experimental section.   
 
III.II.VI Literature Review Summary 
 Reviewing literature regarding aluminum electrodeposition from ionic liquids (and 
alternatives) has led to the following conclusions.  
• Ionic liquids may be less of an ESOH hazard and have more favorable 
physic chemical properties then other nonaqueous methods of electrodeposition. This 
justifies their use as solvent to create an electrolyte.  
• From both ionic liquid and alternative nonaqueous deposition processes, it 
is concluded that temperature, current density and additives will have a dramatic effect on 
the quality and characteristics of a deposited coating.  
• Literature specifically regarding the deposition of aluminum from ionic 
liquid based electrolytes has indicated that the [EMIm] and [BMIm] cations with choride 
based anions will likely provide for the best results.  
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• This same literature regarding aluminum deposition from ionic liquid 
based electrolytes indicates that quality aluminum deposits may be obtained with current 
densities between 1 and 40 mA/cm2. Higher current densities are more likely to generate 
larger grain structure, and inevitably lead to dendritic growth. Because of this, current 
density in this project was varied between 10 and 40 mA/cm2
.
 
• Also indicated, is that the temperature at which deposition should occur is 
an important factor. It appeared that at temperatures in excess of 100 oC electrolyte 
breakdown may become a concern. Most literature researched deposition between 30 oC 
and 100 oC. Higher temperatures appear to allow for a higher quality coating. For these 
reasons temperature was varied between 30 and 90 oC when electroplating.  
• In addition, additives clearly will have an effect on the quality of the 
aluminum coating. It is then desirable to find or create electrolytes that provide for a 
measure of comparison, and attempt to identify additives that have a significant effect. 
This is part of the reason commercially available electrolytes with additives were selected 
to be tested, and three were created on site. Two without additives and one electrolyte was 
created with sodium dodecyl sulfate as an additive.  
• It was also apparent that charge layering (ie, Helmholtz layer formation, 
solvation layering) may be an issue with ionic liquids. Charge layering is also effected by 
the particular electrolyte’s composition. Therefore, this study concerned itself with 
attempting to ensure near ideal bath agitation when comparing electrolytes. 
• There is a significant lack of development geared towards a commercial 
aluminum plating process with nonaqueous electrolytes in general, and next to none when 
specifically considering ionic liquid based electrolytes. As a result, the consideration of 
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plating parameters and cell design regarding a commercially viable ionic liquid aluminum 
electroplating process is needed. Such a development could serve to provide a realistic 
alternative to the cadmium and chromium coatings currently employed by the United 
States Armed Forces weapons systems and vehicles, prolonging useful lifetime and 
thereby reducing the cost of replacement and refurbishment. As a result, a large portion of 
this research is geared towards the development of a more realistic commercial cell and 
the evaluation of coatings generated by that cell.  
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CHAPTER IV 
 EXPERIMENTAL METHODS 
 
IV.I Introduction 
 This chapter describes the experimental setup and methods used to electrodeposit 
aluminum coatings in this study. The materials and methods for drying the ionic liquids are 
described as well as the methods and techniques for characterizing the deposited aluminum 
coating. Development and operation of the 1-Liter cell is described, as well as the pre/post 
treatment procedures.  
 
IV.II Materials and Chemicals  
 Six different electrolytes were utilized in the electrodeposition of aluminum. Each 
electrolyte was based on 1st generation ionic liquids with the imidazole ring as the cation. They 
were chosen for their favorable properties, relevance in research and foundation as ionic liquid in 
commercially available electrolytes.  
 
For the three commercially available aluminum plating electrolytes: 
• 1-Butyl-3-methylimidazolium chloride ([BMIm]Cl) * 1.5 AlCl3 and proprietary additives 
purchased from IoLiTec 
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• 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) * 1.5 AlCl3 and proprietary additives 
purchased from IoLiTec  
• BasionicsTM Al-02 an aluminum plating electrolyte: [EMIm] Cl *1.5 AlCl3 and sodium 
dodecyl sulfate as additive purchased from BASF 
 
Three electrolytes mixed by research personnel, and referred to as “mixed” or “self prepared” 
ionic liquid electrolytes:   
• [EMIm]Cl *1.5 AlCl3  
• [EMIm]Cl * 1.5 AlCl3 made from a base [EMIm] AlCl4 
• [EMIm]Cl & 1.5 AlCl3 with added sodium dodecyl sulfate 
 
Both the IoLiTec and BasionicsTM Al-02 electrolytes are advertised as research aluminum 
plating electrolytes for commercial application. As literature has indicated difficulty in obtaining 
pure well adhered coatings, it was desired to test these claims against common literature 
electrolytes of the same base cation. 
 The [EMIm]Cl and [EMIm]AlCl4 were purchased from Sigma Aldrich in >95% purity. 
Impurities could include AlCl3, uncreacted [EMIm] or impurities from the AlCl3.  The anhydrous 
AlCl3 metal salt utilized in making the mixed [EMIm]Cl * 1.5 AlCl3 electrolytes was purchased 
in >99.0 % purity. The AlCl3 may contain <100 mg/kg SO42- and <20 mg/kg Ca. It was only 
opened in the inert atmosphere glovebox. Aluminum wire (99.99%) and aluminum bars 
(99.999%) were purchased from Alfa Aesar for use as anodes in both 25-mL and 1-L cells. 
Nickel, Copper and Steel rods were purchased from Alfa Aesar for use as cathodes in 25-mL cell 
testing. Steel alloy 1018 was purchased from Alfa Asesar for use as 1-L cell cathodes. All Di-
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ethlyene glycol based solvents were purchased from Sigma Aldrich. Alcohols, ketones, 
aldehydes and cyclic solvents were all purchased from Sigma Aldrich. Hydronal AG, AK 
titration solvents were purchased from Sigma Aldrich.  
 
 
IV.III  Drying of Ionic Liquids  
Commercial electrolytes were not dried, they were used as received from the 
manufacturer. The [EMIm]Cl ionic liquid utilized in making the mixed [EMIm]Cl * 1.5 AlCl3 
electrolyte was dried. Both were transferred into the glove box shown in Figure 9 immediately 
upon receipt from the manufacturer.  
The ionic liquids which served as the basis for the electrolytes created on site were dried 
in 1 lb batches in a 1 L round-bottomed flask at around 105°C for a time greater than 15 hours 
while full vacuum (10-4 Torr) was applied for the duration of the drying. The drying and transfer 
of ionic liquids was conducted inside the glove box. An ionic liquid was transferred from the 
original manufacturer’s container into the round-bottomed flask. The flask contained a diamond-
shaped magnetic stirrer for agitation. The flask was immobilized in the aluminum heating bowl 
with a clamp attached to a support stand. Initially an oil bath was used as the primary heating 
source for the drying step. Because the oil vaporized and condensed in the glove box; the drying 
technique was switched after the first drying to an electrical aluminum heating bowl sometimes 
with copper shot surrounding the flask. The ionic liquids were stirred with a magnetic stirrer. A 
vacuum hose was attached to the flask and routed to a stainless steel pass-through on the wall of 
the glove box, which was connected to the vacuum pump from Edwards (Model RV12) 
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delivering a maximal vacuum of 10-4 Torr. A picture of the first ionic liquid drying setup with an 
oil heating bath is shown in Figure 10. 
 
 
Figure 9: Glove box containing an inert gas atmosphere; atmosphere maintained at <0.5 ppm 
H2O and O2. 
 
A Mettler Toledo C20 – Coulometric Karl Fischer (KF) titrator (Figure 11) without a 
diaphragm was used to measure the water content of the ionic liquids before and after drying to 
an accuracy of 10 ug. “Hydranal – Coulomat AG” and “Hydranal – Coulomat AK” purchased 
from Sigma-Aldrich served as the titrant to test the water content of the samples. AG was 
employed for substances that did not contain ketones and AK was employed for substances 
containing ketones. This distinction is important as acetylation of ketones by AG titrant 
dramatically affects water content measurements. The accuracy of the instrument was verified 
with Hydranal Water Standard purchased from Sigma-Aldrich.  
The [EMIm]Cl based ionic liquids had around 800 ppm of water as received and were 
dried in about 1-lb batches to around 400 ppm water. The water content after drying was still 
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high likely because [EMIm]Cl is extremely hygroscopic. It should be noted that the actual water 
concentration may be lower as the titration machine was outside of the glovebox and therefore 
air was in contact with the hygroscopic powder for a short period of time (<3 seconds ) prior to 
injection into the titration machine.  
 
 
Figure 10: 1 liter round flask with ionic liquid in an oil bath and connected to a vacuum pump 
(10-4 Torr) outside the glove box. The oil bath stays on a controlled heater. Both liquids are 
stirred with a magnetic stirrer. 
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Figure 11: Karl Fischer titrator for the determination of the water content. 
 
IV.IV  Instrumentation for Electrodeposition   
All electrodeposition experiments occurred in a technical setup from which parameters 
could easily be varied. The technical setup consisted of a Solartron 1287 electrochemical 
controller monitored and controlled by CorrWare software controlled all electrochemical cell 
measurements. The device was connected to the inside of the glovebox by an airtight pass-
through fitting which allowed the electrical connections into the glovebox. The glovebox was a 
MBRAUN LABSTAR with the MB10 environmental circulation system provided the nitrogen 
environment in which to work. This system kept the atmospheric conditions free of water and 
oxygen by use of special catalysts in the MB10 system.  The oxygen and water content were 
mostly kept to below the detection point of 0.5 ppm. The Solartron is pictured in image Figure 
12 and the glovebox has been previously shown in Figure 9.  
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Figure 12: The Solartron 1287 potentiostat/galvanostat used for all electrodeposition experiments 
with pass-through fitting for the glove box. 
 
Two electrochemical cells were used in the experiments. A 25-mL three neck round 
bottom flask served as the electrochemical cell for “small scale” tests to comparatively evaluate 
the general performance and characteristics of plated layers from six initially selected 
electrolytes. Figures 13-15 visualize the experimental setup of the 25-mL small scale testing. A 1 
liter cell was later employed to evaluate the success of deposition experiments on a larger scale 
employing a process (bath movement, pre- and post –treatment) that could be used 
commercially. Development and imagery is presented in the experimental portion.  
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Figure 13: Electrochemical cell setup: 25-mL “small scale” cell 
 
             
Figure 14: Rotating cathode electrical connection setup. 
 
1. Stirrer motor (600 rpm for all small scale 
experiments)  
 
2. Flexible coupling  
 
3. Contact for the cathodic stirrer (see Figure 
14 for details)  
 
4. PTFE covered stirring rod in glass bearing  
 
5. Cylindrical copper, steel or nickel cathode in 
50 mL three neck round flask with PTFE 
stopper, thermo-element and two tantalum 
anodes with electrical contact to rectifier  
 
6. Aluminum bowl with copper shot on 
aluminum plates  
 
7. Thermoelement controlled hotplate 
1. End of flexible coupling  
 
2. Copper leads for spring loaded carbon 
contact brushes  
 
3. Contact brushes for the cathodic stirrer  
 
4. Electrical contacts for brushes  
 
5. Aluminum housing with holder 
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Figure 15: 25-mL beaker electrochemical cell with temperature probes and electrical contacts. 
 
For both the 25-mL and 1-L, “small and large scale testing”, temperature was varied over 
a range of 25-90 ±3 oC in the nitrogen filled glove box with a Isotemp Hotplate-Stirrer system. 
An RW-16 basic stirrer (visible in Figure 13) was set to 600 rpm for the experiments in the 25-
mL cell. Stir rate was generally kept constant, varied during a few experiments to note effect. 
The 1-L cell was agitated by nitrogen aeration through an aerator. The atmosphere in the glove 
box maintained both an oxygen and water content below 0.5 ppm. The 25-mL round bottom, 
three necked flask was utilized for initial plating experiments. Two aluminum anodes and either 
a nickel, magnesium or copper cathode was inserted into the flask. The anodes were positioned 
and held in place by two polytetrafluoroethylene (PTFE) stoppers. The cathode was attached to a 
stir rod made of copper which was used to agitate the 20 mL of electrolyte. Development of the 
1- L cell was an experimental process; hence the 1-L liter cell is described in Chapter V.IV.  
 
IV.V Electrodeposition Process 
In performing an experiment all materials were gathered and parameters on the various 
devices set. Typically, electrolyte would be poured into the plating cell and heated to the desired 
temperature. Once the desired temperature was reached, the already pretreated cathodes and 
1. Adapter with the PTFE covered stirrer.  
 
2. Thermoelement in the electrolyte 
  
3. Thermoelement in the copper shot to control 
the temperature  
 
4. Electrical contacts for both anodes  
 
5. Cathode screwed to the stirrer in the 
electrolyte 
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anodes were immersed into the electrolyte and connected to the electrochemical system. The 
electrodes were placed into the system such that the cathode sat between two anodes at an equal 
distance. The cathode was set as the counter electrode and the anode was set as the working 
electrode. The stirrer was set to 600 rpm. Supports were erected for the stirrer to minimize 
vibration in the aligned system which can affect electrical connectivity. Once the system was 
properly connected and vibration of the system minimized, the experiment was begun. Most 
experiments were run for a time such that theoretically thick 12 micrometer thick aluminum 
layer was deposited assuming 100% current efficiency. Twelve micrometers was chosen 
arbitrarily as a reasonable plating standard thickness. The plated and dissolved aluminum amount 
was verified by weighing the cathodes and anodes both before and after the experiment. 
Knowing how much aluminum was really plated, the current efficiency could be determined.  
 
IV.VI  Electrode Fabrication  
Anodes were cut from an ingot of pure aluminum (99.999%) ordered from Alfa-Aesar 
and cathodes were created from nickel, copper and magnesium alloy EV-31 on a lathe. In the 25-
mL plating cell the two anodes had a total surface area of approximately 5.4 cm2 resulting in an 
anodic current density that is half of the value for the cathodic current density.  The anodes were 
connected to the electrochemical system by leads of pure aluminum wire spot welded in place.    
 For cathodes, the nickel and copper were ordered as rods, milled to fit the flask and then 
threaded for attachment to the stir rod, both occurring on the lathe. The first 10 experiments 
utilizing pure nickel cathodes. However as a matter of convenience copper was used for the rest 
of the preliminary investigations for electrolyte comparison. The magnesium cathodes used for 
the experiments of aluminum deposition onto magnesium were cut and threaded from a block of 
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magnesium alloy EV-31. These small scale cathodes served to provide a basic analysis of 
aluminum deposition from the various electrolytes onto magnesium before proceeding to the 1-L 
cell testing.  
 
IV.VII Pre/Post Treatment Development  
Pretreatment prior to testing was considered in the testing. For the pretreatment in the 
initial 25 mL comparative testing copper, nickel and magnesium cathodes included an ultra-sonic 
bath in warm soapy water, mechanical cleaning with SiC-paper followed by an ethanol and 
acetone rinse. After this the cathodes were weighed on an analytical scale and placed into the 
glove box. The goal here was to maintain similarity amongst small scale tests so as to be 
comparative to one another.  
 The steel pretreatment for the 1-L cell was further developed with the goal to develop a 
commercially viable pretreatment process. The specifics of these methods and their results are 
discussed in the results section.  
The cathodes in the 25-mL cell were post treated in the same way. The cathodes were 
rinsed posttest with ethanol and acetone. After which they were weighed on an analytical scale.  
Aluminum deposition onto magnesium experimentation also occurred in the 25-mL 
plating cell. The cathode in this case, EV31 Mg alloy, was pretreated as above. Additional 
electrochemical steps were added, Table 2 provides for the additional pretreatment current and 
voltage settings that were applied during testing.  
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Table 2: Pretreatment plating parameters for aluminum deposition onto magnesium tests. All 
deposition portions of testing were conducted at -10 mA/cm2 for 3600 seconds. Pretreatment run 
time, parameter and temperature are listed.   
Test Pretreatment Parameters 
55Al Pre- 120 sec electrolyte immersion then test.   
56Al 1 V reverse direction, 30 oC , 180 seconds while set up then test.  
57Al 0.5 mA/cm2 forward direction, 30 oC, 180 seconds while set up then test 
58/59Al 1 mA/cm2 plating direction, 30 oC, 240 seconds while set up then test 
60Al 10 mA/cm2 plating direction, 30 oC, 240 seconds while set up then test 
61Al 20 mA/cm2 plating direction, 30 oC, 240 seconds while set up then test 
62Al 10 mA/cm2 plating direction, 50 oC, 240 seconds while set up then test  
63Al 20 mA/cm2 plating direction, 50 oC , 210 seconds while set up then test  
 
1 Liter cell post treatment for steel is detailed in the experimental section as such 
developments and applications were developed as a part of the research.  
 
IV.VIII Surface Analysis 
 
IV.VIII.I Scanning Electron Microscopy  
Analysis of materials employed several methods. Scanning electron microscopy (SEM) 
was one such method used to characterize the structure and appearance of the plated layers. Each 
of the anodes and cathodes from each experiment were evaluated with the SEM, a Hitachi S-
3400 SEM. Pictures were taken of the surface at various magnifications, most typically 100x and 
1000x although 500x and 2000x were common as well. Typically, if interesting morphological 
where visible on the surface further analysis was conducted at higher magnification to provide 
more detail characterization of the feature. The beam current was operated between 80-130 
amps. Any higher current would result in overheating of the tungsten filament. The acceleration 
voltage set to 15 keV.  
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IV.VIII.II Energy-Dispersive X-ray Spectroscopy  
Energy-dispersive x-ray spectroscopy (EDS) was used for the elemental characterization 
of surfaces. Analysis was conducted at various magnifications at areas of interest. Areas of 
interest include:  
• Nodules 
• Surface Fracture Regions 
• Substrate-Coating interface  
• Pits 
• Dendrites 
• Differences in surface texture and charge as seen on the SEM screen 
If any of the interesting surface morphologies listed were viewable on the SEM screen, 
they were to be analyzed. For all experiments a large section of the surface was analyzed. 
Analyzing a large area tells the average composition of the entire surface and a basis of 
comparison between morphological differences on the cathode surface. Aluminum, oxygen, 
carbon, chlorine nitrogen and the substrate (nickel, copper or magnesium) were always set as 
elements of interest on the EDS analysis. With EDS, acceleration voltage is an important factor 
of consideration as it relates to depth of scan penetration. 15 keV was selected for analysis of the 
surface layers, SEM-EDS analysis was also used to analyze pure cathodic and anodic substrate 
for cross comparison with layers.  
The system was allowed to collect counts for 60 seconds on each analysis. As per the 
EDS instructional manual, this results in an adequate number of counts (ie, number of detected 
x-rays) to be obtained. Statistically accurate characterization of the coating is ensured.  In some 
cases in the experimental data, it will be noted that carbon analysis is present and in others it is 
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not. As a result of the specific x-ray detector meant for metals the utilized carbon analysis is 
considered “questionable”. Although able to provide a rough idea, it was discovered that carbon 
measurement varied greatly even within analysis of the same frame. This is why many analyses 
exempt it from the analysis.  
              Detailed reasoning for the above parameter selection is as follows. When utilizing EDS 
analysis it is important to consider a few factors that will significantly alter the resultant image 
and results of EDS analysis to a degree that relative conclusions may dramatically differ. These 
considerations can be summarized by the following five considerations. (1) Depth of field is a 
measurement of the ability to generate a resolution of a three dimensional object that extends 
both towards and away from the focal point. Depth of field in SEM is a function of both beam 
diameter and beam convergence angle, when increased it is at the cost of resolution. Considering 
the SEM generates a 2D imagine of any 3D surface, if as in the case of these experiments, 
looking to often very morphologically rich surface a larger depth of field is desired. It allows for 
more accurate qualitative determinations of relative size, shape and texture of morphological 
characteristics on the SEM. (2) Acceleration voltage (Vaccel) is the voltage that accelerates the 
electrons of the electron gun. When electrons “hit” a sample these electrons often scatter in 
different manners. The relation of depth and spread of such scattering phenomena may be 
described by Monte Carlo calculations. Although not detailed here the calculations reveal a few 
key facts: (a) At a constant Vaccel higher atomic numbers result in great spread and less 
penetration.  (b) Higher Vaccel electrons penetrate further and volumetric shape does not change 
with a constant material. For example, changing from 10 keV to 30 keV with iron changes the 
depth of penetration from about 0.5 micrometers to 4 micrometers (c) Tilt of the specimen 
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reduces the interaction volume. (d) Consideration should also be given to material type, as this 
alters collision type (elastic vs. inelastic) 
 These factors are important to consider especially when attempting to analyze plated 
layers or morphological features. As stated, a high acceleration voltage may include the substrate 
in the analysis as the emission of x-rays directly rates to electron path (both depth and volume).  
 Individual element x-ray emission is important. There are two main considerations. (1) 
The Golden Dictum should be considered. The Goldem Dictum states that an adequate number 
of counts in the spectrum to give statistically significant peaks should be obtained for adequate 
comparison against background noise. This is more true for light elements such as aluminum 
which only offer one peak on an EDS analysis.  (2) Table 3 presents the x-ray families and x ray 
lines within (with relative intensities). Higher energies are required to generate K emissions 
followed by L then M. Therefore it stands that a K emission will be accompanied by all 
emissions requiring lower emissions. Similar families of elements will have similar emission 
patterns. At the highest energy of any element family, discerning elements within families is 
impossible; the EDS analysis does not correctly represent what is present on the surface. Hence, 
care should be taken to select for detection of only the desired elements and if necessary to 
perform gradual reductions of energy as doing so allows for separation of in family elements.  
 
Table 3: Relative Intensities of X-Ray Lines  
X Ray Family X – Ray Lines (w/ Relative Intensities  
K Family Kα(1), Kβ(0.1) 
L Family Lα(1), Lβ(0.7), Lγ (0.08), Lβ2(0.2), L1 (0.04), 
Lη(0.01) 
M Family Mα(1), Mβ(0.6), Mζ(0.06), Mγ (0.05), transition 
MIINIV(0.01) 
 
 
81 
 
IV.VIII.III Laser/Confocal and Stereoscope Digital Microscopy  
A Pascal LSM 5 (laser scanning microscope) was used to create images of the surfaces 
with 1.25X, 2.5X, 5X, 10X, 20X, 50X and/or 100X objectives. The system has the ability to 
construct the topography, and measure height differences. A relative roughness is calculated 
using software included in the system from this data. A scanning a laser on the surface records 
the sample surface as the stage changes in height. By doing this the images may be compiled 
together to generate the topography information.    
An optical microscope utilizing 0.65X to 5X objectives were utilized to image the 
surface. In addition, a digital camera was utilized for visualizing and record keeping of the 
samples.  
 
IV.VIII.IV Adhesion and Hardness 
Micro hardness testing was employed to evaluate the hardness of the aluminum layer for 
experimental and process comparison. A layer was deposited for a longer than normal time such 
that a 25 to 50 micrometer layer was plated. A Vicker’s hardness tester using a diamond tip was 
used to measure the hardness of the sample on the Vickers scale. The hardness tester generated a 
Vicker’s hardness value which was calculated by the penetration/diagonal equation according to 
the ASTM standard. Pure substrate was tested as well. All samples were secured in a molding 
puck, which was sanded with SiC paper (360 → 1200 grit) prior to analysis. By progressively 
reducing the grit the increase of surface hardness by mechanical action (ie, work hardening) 
should be minimized. An even surface is required for accurate characterization by Vicker’s 
hardness testing. 
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Adhesion was evaluated for select 25-mL and 1-L cell experimental samples. Plated 
AlumiPlate coupons were also evaluated for comparison. The ASTM D3359 cross cut tape test 
was conducted as well as the ASTM B571 Scratch Testing. These tests provide a qualitative 
comparative rating of adhesion performance.  
 
IV.IX Corrosion Analysis 
With the 1-L cell aluminum was electroplated onto 1018 steel alloy samples in 
[EMIm]Cl*1.5 AlCl3 electrolyte with theoretically 8 or 12 µm adhering, dense aluminum. 
Corrosion susceptibility was evaluated and compared to the corrosion resistance of the 
commercially produced AlumiPlate® layer with the same thickness. Working with Technology 
Application Group (TAG), a local company, a salt fog chamber was kept to the ASTM B117 
standards for salt fog corrosion testing. Most notably, an appropriate spacing of samples was 
maintained and the sample angle was kept to standard utilizing plastic holders as to maintain 
ideal test conditions for salt fog testing. Also edges, screw holes, or blemishes, from the adhesion 
testing and otherwise not a result of the plating experiment, were taped prior to testing. Samples 
were placed according to the ASTM standard. When the first red rust was present, the sample 
was then removed from the salt fog chamber. Photographs were taken every few days to record 
the changing appearance of the samples. The salt fog chamber is similar to setup as that pictured 
in the Figure 16 and 17 below.  
 
 Figure 16: Salt fog chamber with
                  air purification column.
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           Figure 17: Water and salt water container.
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CHAPTER V 
 RESULTS AND DISCUSSION 
 
V.I Introduction 
Aluminum has properties that make it advantageous for the plating of many types of 
substrates, most notably steel and magnesium. Its ability to form a dense protective oxide layer, 
known as aluminum oxide or otherwise termed alumina is very beneficial as it is highly 
corrosion resistant between the pH of 4 and 9. Currently, aluminum can be electrodeposited from 
nonaqueous solutions but in a process that utilizes hazardous chemicals. Electrodeposition from 
ionic liquids provide the potential for a relatively safer method that can be easily scaled up to an 
industrial setting and can be performed at lower temperature and higher current density.  
Six aluminum plating electrolytes were tested in the project. Three commercially available 
aluminum plating electrolytes: 
• 1-Butyl-3-methylimidazolium chloride ([BMIm]Cl) * 1.5 AlCl3 with proprietary 
additives from IoLiTec 
• 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) * 1.5 AlCl3 with proprietary 
additives from IoLiTec  
• BasionicsTM AL-02 from BASF with [EMIm] Cl * 1.5 AlCl3 with sodium dodecyl sulfate 
as additive 
And three electrolytes mixed on site: 
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• [EMIm]Cl * 1.5 AlCl3  
• [EMIm]AlCl4 * 0.5 AlCl3 
• [EMIm]Cl * 1.5 AlCl3 and sodium dodecyl sulfate as additive 
 
The initial experimentation was conducted on the commercially available ionic liquid based 
aluminum plating electrolytes from IoLiTec and BasionicsTM. Some Aluminum plating methods 
as described in prior literature were put to the test with these electrolytes. Following this, the 
three mixed [EMIm]Cl * 1.5 AlCl3 electrolytes were tested. After completing these tests, two 
ionic liquids were chosen to be used to further understand and develop the physical qualities of 
the plated layer. These ionic liquid were then applied to a small scale system which utilized a 
steel or magnesium cathode. This cathode is of main interest to the project. Onto this cathode 
adhesion, hardness and corrosion resistance were monitored and evaluated. The testing of the 
ionic liquids is evaluated in testing series which are grouped with accordance to either electrolyte 
composition, temperature, current density or physical property analysis of the deposited 
aluminum layer. 
 
V.II Water Content Measurements and Removal from the Ionic Liquids and Solvents  
 The commercial, researched aluminum plating electrolytes from IoLiTec and BasionicsTM 
Al-02 were advertised as “plating ready”. The commercial electrolytes were placed into the 
glovebox and utilized as received upon delivery. [EMIm]Cl ionic liquid received from the 
manufacturer was dried prior to use. Water content was measured with a Karl Fischer titrator 
which was calibrated against a Hydranal 100 ppm water standard. Samples were taken from the 
ionic liquids only after they were incorporated into the nitrogen filled glovebox. The test tube 
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with dried [EMIm]Cl powder was capped with a silicon stopper to minimize contamination from 
the humid air between removal from the glovebox, weighing and transfer into the titration 
machine. Table 4 shows the initial and final values of water content as measured by the KF 
titrator before and after 16 hours of drying. Each analysis was completed on individual samples 
of ionic liquids. The third batch was stated from the manufacturer to have 800 ppm of water, this 
specific container was not measured on site.  
 
Table 4: Initial and final drying values of water contentment measurement of the as-received 
ionic liquids from the manufacturer 
 
 
 The drying procedure was as described in the experimental section. In drying each ionic 
liquid, it is of note that upon application of full vacuum, bubbles formed within the ionic liquid 
and were removed from the flask through the vacuum adapter that was utilized in the setup. 
These bubbles became less apparent after 2-3 hours of drying time, disappearing after 4 hours of 
drying time. At 16 hours the 1st batch was dried a second time by the same procedure, no bubbles 
were observed in this second round of drying. After this second round, and the first round for the 
2nd batch, the dried ionic liquid was immediately tested for water content. Following this, the 
# Samples Water Content Avg Standard Deviation
1st Batch ppm H20 ppm H20 
[EMIm]Cl Before Drying 4 820 30
[EMIm]Cl After Drying 4 660 70
2nd Batch
[EMIm]Cl Before Drying 4 770 30
[EMIm]Cl After Drying 4 460 30
3rd Batch
[EMIM]Cl Before Drying -- 800 --
[EMIM]Cl After Drying 4 170 50
Drying temperature of 100
o
C for 16 hours
[EMIm]Cl After 2nd 
Round Drying
4 400 30
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ionic liquid was transferred to its respective storage container which was sealed in the inert 
atmosphere. Each analysis was conducted on a separate sample of the dried ionic liquid.   
 The results show a decrease in water content of the stock ionic liquid as received from the 
manufacturer. [EMIm]Cl showed around 400 ppm of water after drying for the first 2 batches. 
The 170 ppm of water in the third dried batch is surprisingly low. These results show the process 
to dry ionic liquids reduced the water content but did not completely remove all the moisture.  
 The measurement of water content and drying of the solvents utilized in this study was 
also conducted. The solvents, after being received from the manufacturer were placed into the 
inert atmosphere. About 60-80% of the container volume was filled with molecular sieves in an 
attempt to remove water from the solvents. The molecular sieves were dried prior to use by 
regenerating at 250 oC overnight. Table 5 shows the results of KF titration tests performed. Not 
all solvents were tested, once initial tests showed a reduction in water content (and low water 
contents to start with for the most part) the rest were not tested. The water content tests show that 
the molecular sieves do a good job of reducing water content. Water is undesirable as previously 
described.   
 
Table 5: Initial and final values for water content of solvents after at least 12 hours of drying 
time with type 3A molecular sieves 
 
As received (ppm H2O) After drying (ppm H2O)
120 40
100 10
10 1
120 Not Measured
190 30
120 Not Measured
40 5
100 Not Measured
130 Not Measured
80 Not MeasuredDEGDME = Diethyleneglycol dimethylether
DEGMEE = Diethyleneglycol monoethylether
DEGMME = Diethyleneglycol monomethylether
DMSO = Dimethylsulfoxide
DEGDEE = Diethyleneglycol diethylether
PGBE = Propyleneglycol (mono)butylether
SOLVENT
DEGDBE = Diethyleneglycol dibutylether 
1-Methylnaphthalene
Propylene carbonate
Naphthalene (mp.: 81 
o
C)
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V.III “Small Scale” 25-mL Cell Electrodeposition Results 
 
V.III.I   1st Test Series: Plating onto Copper and Nickel with [EMIm]Cl * 1.5 AlCl3 with 
additives from IoLiTec 
 
This test series evaluated electroplating with the commercially available IoLiTec 
electrolyte, [EMIm]Cl * 1.5 AlCl3 and additives. This electrolyte is advertised as an aluminum 
plating research electrolyte. The additives in the electrolyte are proprietary brightener. The 
electrolyte was tested at 30 oC and 80 oC and at 0.5, 5, 10, 15 and 20 mA/cm2. Details on the 
tests discussed such as composition is available in the appendix “Tables of Experimental 
Conditions and Results – Al 25-mL Testing summary”. 
The cell voltages versus time plots shown below for 50 oC in Figure 18 are representative 
of all tests performed with the electrolyte. This plot indicates that this system did not show any 
unexpected trends in the voltage with respect to time. The apparent increase in voltage over time 
is at first attributed to the furthered activation of the anode and the covering of the nickel cathode 
with aluminum and later the result of a reduction of current density at the surface, which gets 
rougher with time, as the plated layer grows with time. As the current is kept constant the result 
is such that the same current occurs over a larger area. This effectively reduces the absolute local 
current density and thus the overall absolute voltage contribution of the electrode. It should be 
noted that the area used in the calculation for the average current density on the part is the 
original geometrical area and does not include the roughness of the surface. 
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Figure 18: Cell voltage versus time for aluminum plating experiments with IoLiTec [EMIm]Cl * 
1.5 AlCl3 with additives electrolyte at 50 oC. 
  
From Figure 19, the relationship of absolute logarithmic current density and absolute 
level cell voltage. Absolute level cell voltage is the average absolute stable voltage value the 
system reaches during experimental testing. It would be ideal for there to be a linear relationship 
as this could imply the redox reactions are kinetically controlled rather than limited by mass 
transfer – a concern with the ionic liquids.  
  
 Figure 19: Absolute level cell voltage versus 
1.5 AlCl3 with additives electrolyte 
 
Figures 20-23 compare the effects o
with respect to morphology, composition and layer properties. 
constant temperature of 50 oC or 90 
Figures 22 and 23 both indicate
densities.  
An increase in temperature at 
shown in Figures 22 and 23. At 
composition. However, in the 100
mA/cm2, it appears that as temperature increase
fewer nodules, blisters and other differential morphological features present. 
90 
absolute current density with IoLiTec [EMIm]Cl * 
at 50 and 80 oC. 
f temperature with respect to average current density 
From Figures
oC, the color appears lighter as the current dens
 smoother and a finer grain structure at these higher current 
a constant 10 mA/cm2 resulted in a shinier, cleaner layer
20 mA/cm2 the resultant layer was darker and not as pure in 
X and 1000X SEM images shown in Figures 
s the plated layer becomes smoother. There are 
 
 
 20 and 21 at a 
ity increases. 
 as 
22 and 23, at 20 
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In all of these tests the anodes showed a weight loss. This is good as it indicates the 
direction of current is correct in the cell and there are no notable reactions occurring at the anode 
surface to generate some product. However, the anodes do show a “dark coating” after plating 
which rinses off as a dark powder. This powder when analyzed contains high amounts of oxide, 
aluminum and often chlorine. It is possible that it is a powder of aluminum oxides bound with 
chlorine.  
The composition did not have any significant correlation with either temperature or 
current density. In general, the aluminum atomic weight % (at. %) was between about 75-85 at. 
%. Oxygen varied between 3-15 at. %. Chlorine varied between 1-6 at. %, but more towards the 
higher side of the range, around 5 at. %.  
It is of note that the layers plated in these experiments are relatively smooth, had few 
dendrites and apart from one of the tests, no pores. This is one of the benefits of this electrolyte. 
However, the layer that is plated is extremely brittle and hard (about 200 HV) with poor 
adhesion. It readily flakes off, even to the touch. Such a layer is not practical for use. This 
brittleness likely resulted from impurities incorporated into the layer. It is possible that the 
proprietary additives result in the brittle layers. Because of these brittle aluminum layers, the 
electrolyte was not chosen for scaled up testing as it does not meet the goals of the research.  
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Figure 20: Digital pictures of cathodes and anodes at respective current densities and 
temperatures after Al-plating with IoLiTec [EMIm]Cl * 1.5 AlCl3 with additives electrolyte. 
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Figure 21: Confocal Microscope images of cathodes and anodes at respective current densities 
and temperatures after Al-plating with IoLiTec [EMIm]Cl * 1.5 AlCl3 with additives electrolyte. 
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Figure 22: SEM 100X images of cathode
temperatures after Al-plating with 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
94 
15 mA/cm2 20 mA/cm
 
 
 
 
6Al(pictured),19Al 50Al,51Al (pictured)
 
 
7Al
 surfaces at respective current densities and 
IoLiTec [EMIm]Cl * 1.5 AlCl3 with additives electro
2 
 
 
 
 
 
 
lyte. 
  10 mA/cm2 
 
30
oC 
 
 
 
 
 
50 
oC 
1Al, 2Al(pictured) 
 
 
 
 
80 
oC 
5Al 
Figure 23: SEM 1000X images of cathodes surfaces at respective current densities and 
temperatures after Al-plating with 
 
 
V.III.II   2nd Test Series: Plating 
additives from IoLiTec 
 
This test series evaluated electroplating with the commercially available IoLiTec 
electrolyte, 1-butyl-2-methylimidazolium chloride ([BMIm]Cl) 
additives. The additives likely act as
tested at 30 oC, 50 oC and 80 oC and at 
such as composition is available in the appendix “
– Al 25-mL Testing summary”. 
The cell voltage versus time plots shown in Fig
performed in the test series. In these graphs the cell voltage levels out over time after an initial 
increase. This is expected and occurs for reason
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Tables of Experimental Conditions and Results 
ure 24 are representative to all tests 
s discussed in the 1st test series. Notably, 
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lyte. 
3 with 
with proprietary 
 activation of the anode and reduction in current density at the cathode. Voltage increase
from increased resistances. High 
cell voltage values in this test ser
which could result from steric factors, discussed shortly. 
 
Figure 24: Cell voltage versus time for aluminum plating experiments with IoLiTec [
1.5 AlCl3 electrolyte at 50 oC. 
 
Looking to the plot of absolute level cell voltage versus 
density in Figure 25, the current density increases with increased voltage
temperature increases the absolute cell 
the relation of absolute logarithmic current density and absolute cell voltage is linear, indicating 
the ideal exponential relationship of current density and cell voltage holds.
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ies are at a higher value than tests with the other electrolytes, 
 
absolute logarithmic 
 
voltage decreases, also as expected. In these experiments 
  In the case of 30
s result 
 
BMIm]Cl * 
current 
as expected. As 
 
oC, 
 although only two tests were performed at 10 mA/cm
was increased it would respond much like the experiments at 50
 
Figure 25: Absolute level cell voltage versus 
1.5 AlCl3 with additives.  
 
 It has been stated that the voltages of this electrolyte are higher in value
electrolytes by a small amount.  I
the [BMIm]Cl hinders mobility of the 
proprietary additives, charge layering could be occurring at both the anode and cathode 
Both of which could effectively increase the solution resi
system.  Performing additional trials is needed to verify the statistical significance of these 
observations. 
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          A           B 
        
 Figure 26: Chemical structures of A.) [BMIm]Cl, B.) [EMIm]Cl  
 
Figures 27 to 30 provide comparisons between the results of these tests. There is no 
correlation between current density or temperature and the visual color of the plated layer. For 
example, in Figures 27 and 28 at a constant temperature of 50oC an increasing current density 
shows no correlation to color. All layers are visually dark-golden in coloration, similar to the 
plating experiments from IoLiTec [EMIm]Cl *1.5 AlCl3  with additives. The coloration likely 
results from impurities incorporated into the plated layer. The impurities are prospectively from 
the proprietary electrolytes.  
An increase in temperature at a constant current density of 10 mA/cm2 or 20 mA/cm2 
appears to result in a coating with what appears to be blisters or nodules on the surface as in 
Figures 29 and 30. At a constant temperature of 50oC, increasing current density appears to 
reduce the presence of nodules and undesirable surface features; the coating is smoother. The test 
at 10 mA/cm2 and 30oC contains large pores. As these did not present in other tests with this 
electrolyte it is possible that these pores are a result of a rinsing or post-test handling. If the 
electrolyte generates coatings with these pores, the coatings will not perform acceptable in a 
corrosive environment.  
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The composition of the coatings did not show any correlation to temperature or current 
density. The results are very similar to the IoLiTec [EMIm]Cl *1.5 AlCl3  with additives. In 
general, aluminum was between 68-80 at. %. Oxygen varied between 3-15 at. %. Chlorine varied 
between 3-6 at. %, again mostly in the upper range.  
In all of these tests the coatings do not show severe dendrite growth, one of the benefits 
of this electrolyte. However like the IoLiTec [EMIm]Cl *1.5 AlCl3  with additives, the layer that 
is plated is extremely brittle and hard (about 200 HV) with poor adhesion. It readily flakes off 
even to the touch when handled. Such a layer is not practical for use in the purpose of this 
research.  The brittleness likely results from impurities incorporated into the layer. It is possible 
that the proprietary additives result in the brittle layers. As a result of this brittle layer, this 
electrolyte was not chosen to be used in scaled up testing.  
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Figure 27: Digital pictures of cathodes and anodes at respective absolute current densities and 
temperatures after Al-plating with IoLiTec [BMIm]Cl * 1.5 AlCl3 electrolyte with additives. 
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Figure 28: Confocal Microscope images of cathodes and anodes at respective absolute current 
densities and temperatures after Al-plating with IoLiTec [BMIm]Cl * 1.5 AlCl3 electrolyte with 
additives. 
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Figure 29: SEM 100X images of cathodes surfaces at respective
temperatures after Al-plating with IoLiTec [BMIm]Cl * 1.5 AlCl
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Figure 30: SEM 1000X images of cathodes surfaces at respective 
temperatures after Al-plating with IoLiTec [BMIm]Cl * 1.5 AlCl
 
V.III.III  3rd Test Series: Plating 
In this test series plating with
purity form of [EMIm]Cl purchased from Sigma Aldrich was dried under vacuum (10
100 to 105 oC for around 15 hours. 
400 ppm. The electrolyte was created by carefully adding AlCl
base - also from Sigma-Aldrich) to the dried
oC. Similar to the other test series, the 1:1.5 molar ratio had to be achieved to ensure a Lewis 
acidic solution necessary for aluminum electrodepositing. This electrolyte was tested at 
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temperatures of 30, 50 and 90 oC and current densities of 10, 20 and 40 mA/cm2. Details on the 
tests discussed such as composition is available in the appendix “Tables of Experimental 
Conditions and Results – Al 25-mL Testing summary”. 
The cell voltage versus time plots shown in Figure 31 are representative to all tests 
performed in the test series. In these graphs the cell voltage levels out over time after an initial 
increase. With tests at -10 mA/cm2 and -40 mA/cm2 and 30oC the initial increase in absolute cell 
voltage is not ideal. Although only for a short period of time, this significant drop in cell voltage 
to -5 V may have resulted in electrolyte destruction. Because the test leveled out to an expected 
value, it is likely that the large cell voltage value was a result of an anode that was initially 
difficult to activate. The low temperature may have resulted in some initial decrease of charge 
carrier diffusion, as both of these high values are observed at 30 oC but not at the higher 
temperatures.  
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Figure 31: Cell voltage versus time for aluminum plating experiments with self-prepared 
[EMIm]Cl*1.5 AlCl3 
  
Figure 32 is the absolute cell voltage versus the absolute logarithmic current density plot 
that was created for this test series. The voltages for 50 and 90 oC follow show linearity on the 
logarithmic plot, implying reaction rate limitation. For 30 oC, the voltage value for 40 mA/cm2 
appears to be an anomaly. Solely depositing material at high voltages is not expected. For this 
test, there is low current efficiency and close to no aluminum on the cathode (Figures 33-34). 
Electrolyte destruction probably occurred as a side reaction. Increases in temperature yield a 
reduction in the absolute cell potential. Again, this is expected for the 30 oC, 40 mA/cm2 test. 
The overall values of cell voltage in this set of experiments are less than that of the 
IolieTec and BASF electrolytes. The self-prepared [EMIm]Cl*1.5 AlCl3 does not contain 
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additives. It is possible the lack of these additives results in the reduction of cell potential. Such 
additives, as discussed in the theory and literature review, may act to alter diffusion of charge 
carriers in the electrolyte.  
 
 
Figure 32: Absolute level cell voltage versus absolute current density with mixed [EMIm]Cl * 
1.5 AlCl3 electrolyte. 
 
Figures 33-36 compare the effects of temperature with respect to average current density.  
From Figure 33 and 34, it is noted that as current density increases at a constant temperature, the 
coating becomes lighter in color. There does not appear to be a defined correlation with 
temperature change at a constant current density. At a constant 10 mA/cm2, as temperature 
increases the coating becomes lighter in color. At a constant 20 mA/cm2 the opposite is true. At 
30 oC and 40 mA/cm2, the surface structure was composed of small plates that flaked off during 
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plating. It is possible this resulted from a mistake in preparation. The observation does not fit 
with other trends in data.  
Consider Figures 35 and 36. As current density increases at a constant temperature, such 
as 50oC, it appears that the overall surface is refining in grain characteristic. The surface changes 
from a coating of aluminum flakes to the refined more dense aluminum coating. However, it also 
appears that at these higher current densities, larger nodules are present on the cathode surfaces. 
The coating shows surface fractures at 40 mA/cm2. It is possible this is a result of increased 
stress in the coating, a result of the rapid deposition. It could also be a result of some hydroxide 
coating on the surface. This could be from remaining AlCl3 or another aluminum complex 
reacting with moisture during post-treatment.  
At a constant current density at temperature increases it appears that between 30 and 50 
oC there is little change. When the temperature is shifted to 90 oC the surface has a notably finer 
grain structure and fewer nodules. The flakes that are apparent at 30 and 50 oC disappear. This 
could result from enhanced diffusion of charge carriers and a reduction in charge layering due to 
the increased temperature.   
The composition showed some interesting behavior in this electrolyte. At 30 oC and 50 
oC at a constant temperature as the current density increased the aluminum content decreased. 
However, at 90 oC as the current density increased the aluminum content increased. In addition, 
at a constant current density of 10 mA/cm2 and 20 mA/cm2 an increase in temperature resulted in 
an increase of aluminum content. At a constant 40 mA/cm2 there was no notable trend in the 
aluminum with temperature change.  
It appears that increasing temperature then might increase the aluminum purity of a 
coating. At a higher temperature diffusion of charge carriers readily occurs, there is less chance 
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that charge layering is to occur. In this electrolyte, this means that aluminum ions are readily able 
to be brought to the cathode for reduction. Without the presence of additives, there are few non-
aluminum molecules to be incorporated. Regarding current density affects, an increase in current 
density should include less impurities. This could be why a higher purity is observed, especially 
as this particular electrolyte likely has a higher purity then the IoLiTec or BASF electrolytes 
which contain additives.  
Aluminum content varied between 49-98 at. % in this electrolyte, mostly in the upper 5th 
of the range. Oxygen varied between 0.4-47 at. %, with no trend towards either side of the range. 
Chlorine in this electrolyte was between 0.1-1.5 at. %.  The high oxygen might result from 
electrolyte destruction. The electrolytes with the largest absolute cell voltage values show higher 
oxygen content. Otherwise, the oxygen might come from a rinsing step reaction. It is possible as 
the surface fracturing in Figure 35 might be fracturing of some hydroxide coating which could be 
removed with a HNO3 dip. The project timeline prevented such evaluation from happening.  
Noteworthy for this electrolyte is that the aluminum content could be very high, greater 
than 95 at. %. The near complete lack of chlorine in any of the coatings suggests that the IoliTec 
and BASF electrolytes contain additives that are being incorporated into the coatings. In 
addition, the coatings here do not show as smooth and blemish free a surface as the IoliTec and 
BASF electrolytes. It could be said now with more confidence that these additives affect the 
adhesion, hardness and microstructure of the coatings, more so than current density or 
temperature.  
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Figure 33: Digital pictures of cathodes and anodes at respective 
temperatures after Al-plating with 
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Figure 34: Confocal Microscope images of cathodes and anodes at respective absolute current 
densities and temperatures after Al-plating with self prepared [EMIm]Cl * 1.5 AlCl3 electrolyte. 
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Figure 35: SEM 100X images of 
temperatures after Al-plating with 
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Figure 36: SEM 1000X images of cathodes surfaces at respective
temperatures after Al-plating with 
 
V.III.IV 4th Test Series: Plating 
[EMIm]Cl + 1.5 AlCl3     
 
The electrolyte 1-Ethyl-
sodium dodecyl sulfate was purchased from BASF. This 
and is advertised as an aluminum plating electrolyte for research requiring no additions to 
suppress dendritic growth of aluminum. 
mA/cm2 at 50 to 90 oC. Details on the tests discussed such as composition is
appendix “Tables of Experimental Conditions and Results 
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The cell voltage versus time charts in Figure 37 are representative of all tests in the 
series. In the figure the cell voltage levels out over time after an initial increase. This is expected 
as per prior discussion. The tests maintain relatively stable characteristic voltages versus time. 
The two tests at -40 mA/cm2 appear to show a deviation from a typical plot, decreasing in value. 
This decrease is likely due to the anode activation and reduction in current density at the cathode. 
The longer time required for the voltage to level out at a characteristic voltage is most likely 
described by a longer time required for the cell to create the gradient of dissolution at the anode 
and plating at the cathode with proportion to the higher current densities. As a result of the 
higher current density the cell voltage is higher. Regarding the two tests at -40 mA/cm2, if the 
tests were extended for a longer period of time, it is likely that the voltage would level out to a 
level cell voltage, similar to the other tests. The higher current density tests here have slightly 
higher cell voltage values, similar to the IoLiTec electrolytes. As the BasionicsTM electrolyte is 
known to contain proprietary additives, it is likely that these are increasing the cell voltage value.  
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Figure 37: Cell voltage versus time chart with BasionicsTM Al-02 electrolyte at 50 oC  
 
The plot of absolute level cell voltage versus absolute logarithmic current density in 
Figure 38 might indicate that an increase in current density results in a nonlinear increase in cell 
voltage at 50 oC. However, if a trend line is drawn then it could be that it does follow a linear 
trend - the result is not clear. At 90 oC not enough information was gathered to conclude a result 
although the expected result is presented on the plot. Further investigation is required to define 
the trends which are important in determining whether the deposition process is limited by 
kinetics or mass transfer. At 90 oC it is also noted that the increase in temperature reduces the cell 
voltage as expected.  
 
 
 Figure 38: Absolute cell voltage versus 
test series with BasionicsTM Al-02 electrolyte
 
 Figures 39-42 compare 
composition and layer properties. 
 From Figures 39 and 40
density increases from 10 to 40 mA/cm
in appearance. The test at 40 mA/cm
aluminum was deposited. Given the success of the other parameters and from other electrolytes it 
is likely that this test was the result of a rinsing error or experimental error. Apart from this test, 
at a constant 40 mA/cm2, increasing
 Considering morphology increases current density at the constant temperature of 50
appear to provide for a smoother layer as in Figures 4
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the coating appears to become brighter, more reflective 
2 and 30 oC indicates a failed plating test. No substantial 
 temperature appears to visually dull the coating. 
1 and 42. At a lower curre
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nodules were present. At the higher current density there are fewer nodules present. Increasing 
the temperature at a constant current density did not appear to have a significant effect on the 
coating in this test series.  
 Composition data indicates there might be a slight correlation between composition, 
current density and temperature. Considering all tests it appears a trend that as both temperature 
and current density increased, it appeared that the aluminum coating consists of more pure Al. 
More investigation would be required to determine significance. In general, aluminum varied 
between 49-96 at. %, mostly in the upper third the range (around 90 at. %). Oxygen ranged from 
0.5-15 at. %, but nearly every test but one was in the range of 0.5-1.5 at. %. It is possible that the 
outlier is a result of a rinsing or handling mistake. Chlorine mostly varied between 0.1-0.5 at. %, 
with one test at 1.3 at. %. As this coating is much less brittle, it further confirms that for the 
IoLiTec electrolytes, incorporation of chlorine is resulting in the hard brittle coating.  
The plating with -40 mA/cm2 at 30 oC (54Al) resulted in black non-adhering aluminum 
powder. The surface analysis showed equal molar amounts of aluminum, oxygen and copper. 
Copper comes from the copper substrate. It is not clear why the test performed so poorly.  
 It is questionable if the surfaces of 23Al are clean. At -10 mA/cm2 and 50 oC the surface 
contains a lot of oxygen that could come from a rinsing problem which produces Al(OH)3 or 
AlO(OH) at the surface.  
 Overall this electrolyte produces coatings that appear with minor morphological 
blemishes. It is likely that the proprietary additives, one such being sodium dodecyl sulfate act as 
surface leveling agents. The nodules appear to disappear with increases in temperature.  -40 
mA/cm2 and 90oC are the plating parameters recommended by BASF to deposit quality 
aluminum coatings. From the analysis hear, this recommendation seems valid to provide a good 
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result. Because of this electrolytes satisfactory performance, it was selected to be tested in the 1-
L cell.  
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Figure 39: Digital camera pictures of cathodes and anodes at respective absolute current densities 
and temperatures after Al-plating with BasionicsTM Al-02 electrolyte. 
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Figure 40: Confocal Microscope images of cathodes and anodes at respective current densities 
and temperatures after Al-plating with BasionicsTM Al-02 electrolyte. 
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Figure 41: SEM 100X images of cathodes at respective current densities and temperatures after 
Al-plating with BasionicsTM Al-02 electrolyte
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
119 
20 mA/cm2 40 mA/cm
 
54Al
18Al 21Al
 
17Al
. 
2 
 
 
 
 
  10 mA/cm2 
30
oC 
 
 
 
 
 
50 
oC 
23Al 
 
 
 
 
90 
oC 
 
Figure 42: SEM 1000X images of cathodes and anodes at respective current densities and 
temperatures after Al-plating with 
 
V.III.V   5th Test Series: Plating 
[EMIm]AlCl4  *  0.5 AlCl
 
In this test series, plating with [EMIm]Cl * 1.5 AlCl
created by mixing AlCl3 powder 
chloroaluminate), both purchased from Sigma Aldrich. With [EMIm] AlCl
not possible as the electrolyte is Lewis basic and aluminum chloride is in the form of AlCl
opposed to the acidic form of Al
to the ratio of 1:1.5 converting it to the acidic form. 
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3 both purchased from Sigma Aldrich 
3 was evaluated. The electrolyte was 
into [EMIm] AlCl4 (1-Ethyl-3-methylimidazolium 
4, electrodeposition is 
2Cl7-. Thus the molar ratio of [EMIm]Cl to AlCl
Details on the tests discussed such as 
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composition is available in the appendix “Tables of Experimental Conditions and Results – Al 
25-mL Testing summary”. 
Unintentionally, a ratio of 1:1.1 was created initially. At this ratio the solution should be 
only weakly Lewis acidic and in accordance with the literature, deposition is less likely to occur. 
These tests verified the literatures claim since the tests did not result in successful plating as seen 
in Figure 43. These tests were not pursued any further, but are a hint that the amount of AlCl3 in 
this kind of electrolyte needs to be optimized together with the other process parameters. This is 
important missing data which is not thoroughly discussed in literature. The decision was made to 
stay with the common molar ratio of 1:1.5 for [EMIm]Cl : AlCl3 for further investigation.   
 
  
Figure 43: 25Al and 29Al digital pictures showing no deposition in the weak Lewis acidic 
solution of [EMIm]Cl*1.1 AlCl3. 
 
 The cell voltage versus time plots shown in Figure 44 are representative to all tests 
performed in this test series. For half of the tests in the series the cell voltage leveled out over 
time after an initial increase. As discussed with other electrolytes, this trend is as expected. Tests 
25-29Al illustrate some key information regarding the incorrect molar ratio of ionic liquid to 
aluminum chloride. The early tests with this electrolyte (25-27Al) showed fairly typical plot 
behavior. However, the electrolyte quickly became depleted of active aluminum complexes from 
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which deposition could occur. Electrolyte destruction likely occured as a result. As the tests 
progressed to 28Al then to 29Al it is likely that the electrolyte was destroyed to a greater extent, 
indicated by the very large absolute cell potential. In fact, the electrolyte appeared darker after 
each test validating this claim.   
 With this in mind, on Figure 44 tests 34Al and 35Al represent the cell voltage versus time 
plots for the rest of the series. These two plots are very similar to the self-prepared [EMIm]Cl * 
1.5 AlCl3 electrolyte not made from [EMIm]Cl Tetrachloroaluminate. This is expected, as there 
should be no other change apart from perhaps a slight difference in the amount of intrinsic 
impurities in the ionic liquids from the manufacturer.  
 
 
Figure 44: Cell voltage versus time chart with [EMIm]AlCl4 * AlCl3 (1:0.5) at 50oC 
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Figure 45 is the plot of absolute cell voltage with respect to absolute logarithmic current 
density. It should be noted that this plot is constructed only of the tests in which the molar ratio 
of ionic liquid to salt was 1:1.5.  The resulting absolute level cell voltages are similar to the 
BasionicsTM Al-02 electrolyte and the self-prepared [EMIm]Cl * 1.5 AlCl3 electrolyte. This test 
series, being of similar nature to the self-prepared [EMIm]Cl * 1.5 AlCl3 electrolyte, provides 
data to check values from other tests. For example, in Figure 19 at 30 oC and 10 mA/cm2 the 
absolute cell voltage is high by comparision. Comparing to Figure 45, the value in Figure 32 
might instead be around 0.5 V instead of 0.83 V. One other factor not previously discussed that 
may alter cell voltage values is the distance between cathode and anode. If not kept completely 
constant the cell voltage value will be different in addition to phenomena discussed previously 
such as charge layering. Here increasing temperature reduces absolute cell voltage, and absolute 
cell voltage increases with an increasing current density.  
 
 Figure 45: Absolute level cell voltage versus current density at different temperatures for the test 
series with [EMIm] AlCl4 + 0.5 AlCl
 
Figures 46-49 compare temperature with respect to average current density. 
appearance of the electrodes is given in Figure
the self-prepared [EMIm]Cl * 1.5 AlCl
density increasing temperature makes the color of the coated layer darker. No correlation is 
drawn due to a changing current density. 
The SEM pictures in Figure
oxide/hydroxide at the surface which h
appearance and composition of the aluminum surface can be made. 
to the self-prepared [EMIm]Cl * 1.5 AlCl
with a five-second dip in an approximately 8 wt. 
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3 electrolyte.  Here trend appears that at a constant current 
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as to be removed before a conclusion statement about the
The results
3 electrolyte. These kinds of layers could be removed 
% nitric acid without attacking the aluminum 
 
The visual 
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layer too much. This is a current procedure in the Al-plating industry that works with electrolytes 
consisting of potassium fluoride / aluminum alkyl complexes dissolved in toluene, and should be 
performed as a final cleaning step together with a water rinse and a fast drying procedure. [114] 
In the [EMIm] AlCl4 + 0.5 AlCl3 electrolyte there does not appear to be a much of a 
correlation of grain structure to current density or temperature. At a constant current density 
increasing temperature appears to result in larger nodules. The test at 30 oC and 10 mA/cm2 
appears to have a grain structure similar to the self-prepared [EMIm]Cl * 1.5 AlCl3 electrolyte. 
For some reason that is not clear, the tests here appear to have more blemishes on the surface; 
however as mentioned, this could be the result of aluminum oxide/hydroxides that have formed. 
The composition did not have a significant relationship to temperature or to current 
density. The tests performed at 90oC show very low aluminum at 34-35 at. % and very high 
oxygen at 61-62 at. %. It was noted that experimentally it was difficult to control the 
temperature, with the actual temperatures being higher than the desired control temperature. It is 
possible that the high temperature resulted in undesirable reactions or electrolyte destruction. It is 
also possible that there was a rinsing reaction with the coating generating aluminum hydroxides.  
In general, aluminum varied between 80-92 at. % (apart from the tests at 90oC). Oxygen varied 
between 7.5-20 at. %. Chlorine varied between 0.1-0.6 at. %.  
Overall these tests show some variations, not of all which have definitive explanations. 
The high oxygen content indicates that somehow aluminum hydroxides/oxides were generated 
on the cathode surface. It is possible that below these there is a higher purity aluminum coating 
underneath this. The color and cell voltage parameters appear similar to the self-prepared 
[EMIm]Cl * 1.5 AlCl3 electrolyte.  
 
  10 mA/cm2 
 
 
 
 
30o
C 
32Al 
 
 
 
 
50 
oC 
34Al 
 
 
90 
oC 
36Al 
Figure 46: Digital pictures of cathodes and anodes at respective 
temperatures with [EMIm] AlCl4
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Figure 47: Microscopic 5X objective pictures of cathodes and anodes at respective absolute 
current densities and temperatures with [EMIm] AlCl4 + 0.5 AlCl3 electrolyte from Sigma-
Aldrich. 
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Figure 48: SEM 100X image of cathodes at respective 
temperatures with [EMIm] AlCl4
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Figure 49: SEM 1000X image of cathodes at respective 
temperatures with [EMIm] AlCl4
 
V.III.VI  6th Test Series: Comparing 
Different Electrolytes, I
 
To this point, the performance of five different electrolytes 
commercial electrolytes: 
• 1-Butyl-3-methylimidazolium chloride ([BMIm]Cl) 
additives from IoLiTec 
• 1-Ethyl-3-methylimidazolium chloride ([EMIm]C
additives from IoLiTec  
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• BasionicsTM AL-02 from BASF with [EMIm] Cl * 1.5 AlCl3 with sodium dodecyl sulfate 
as additive 
And two electrolytes mixed on site: 
• [EMIm]Cl * 1.5 AlCl3  
• [EMIm]AlCl4 * 0.5 AlCl3 
Micro-hardness evaluation reveals information regarding impurity incorporation and 
structural plating stresses in the coatings. Impurities in the Al-layer may increase internal 
stresses. Increases of internal stress typically increase the micro-hardness of the Al-layer. Pure 
Al has a micro-hardness of 20 HV. The commercial AlumiPlate® aluminum layer reaches 30 to 
60 HV, which is the experimental ionic liquid based electrolyte goal as well. To accomplish the 
micro-hardness measurements, it was required to electrodeposit layers thick enough for the 
micro-hardness test such that the indentation into the cross-sectioned aluminum layer would not 
be influenced by the substrate or the phenolic plastic used to imbed the cross sectioned sample. 
To get these samples, cathodes were plated at 20 mA/cm2 and 50 oC for 6.75 hours. In theory a 
168 µm layer of aluminum should be produced. There is one exception. With mixed [EMIm]Cl * 
1.5 AlCl3 electrolyte (47Al) electrodeposition occurred for 9 hours at 90 oC with 40 mA/cm2 to 
create a theoretical 447 µm thick aluminum layer.  
In the case of the [EMIm]Cl * 1.5 AlCl3 electrolyte without additives, as the thickness of the 
layer increased the surface became rougher and large aluminum crystals formed as seen in 
Figures 50 to 52. Both [EMIm]Cl * 1.5 AlCl3 and [BMIm]Cl * 1.5 AlCl3 from IoLiTec produced 
smooth, shiny layers that were incredibly brittle; falling apart to the touch. Overall plating 
conditions and results are listed in the appendix, “Tables of Experimental Conditions and Results 
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– Al 25-mL Testing Summary.” The test results for the scratch test and the micro hardness will 
be documented later. 
Figure 50 shows the digital camera pictures of the plated electrodes, and Figures 51 and 
52 show the SEM pictures of the surfaces. Both IoLiTec electrolytes produce very smooth and 
shiny Al-layers under these conditions. These layers have a high chlorine content, high hardness 
and are brittle; similar to previous results.  
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Figure 50: Digital camera pictures of cathodes Al plated at 50 oC and -20 mA/cm2 with 168 µm 
aluminum and anodes. The exception is 47Al, plated at 90 oC and -40 mA/cm2 for 9 hours (447 
µm Al in theory). 
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Figure 51: SEM 100X images of cathodes
aluminum and anodes. The exception is 47Al, plated at 90 
µm Al in theory). 
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Figure 52: SEM 1000X images 
aluminum and anodes. The exception is 47Al, plated at 90 
µm Al in theory). 
 
V.III.VII 7th Test Series: Plating onto 
created from [EMIm]AlCl
 
Attempts were made to deposit aluminum onto magnesium cathodes 
set-up. Details on the tests discussed such as composition is available in the appendix “
Experimental Conditions and Results 
 These initial tests reveal that the chemical reaction between magnesium and the 
aluminum in the electrolyte generates significant powder at the cathode surface prior to 
experimental start. An attempt was mad
potentiostatically and one galvanostatically
direction while setting up. It was thought that this would act to reduce the propensity of the 
aluminum ion to diffuse to the cathode. These attempts were
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 not successful. Following these two 
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 the 25-mL cell 
Tables of 
s; one 
 reverse 
 experiments, additional galvanostatic attempts were made to counter the chemical reaction 
applying current in the forward direction while setting up
was proposed to prevent magnesium dissolution
facilitate an electrochemical control over the aluminum deposition.
attempts were not successful as the powder 
appears to be very pure, ductile and well adher
underlying substrate. 
 
Figure 53: Side image of coating on cathode
[EMIm]AlCl4  and 0.5 AlCl3. Note the powder at the substrate surface
 
The experimental set-up and preparation 
was identical expect for the initial pretreatment voltage as described above. To pre
anodes and cathodes were degreased with sonic soapy water, ethanol and mechanical etching 
with 300 grit sandpaper. The electrochemical pretreatment
6. Tests 55Al through 61Al were run at 
at -10 mA/cm2 for 1 hour at 50 
nitrogen glovebox atmosphere with an ethanol and acetone rinse occurring outside the glov
immediately upon removal.  
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 by negatively charging the cathode and to 
 The galvanostatic forward 
was still present. The deposited aluminum layer 
ed to itself as seen in Figure 5
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Table 6: Pretreatment parameters for aluminum deposition onto magnesium 
Test Parameters 
55Al Pre- 120 sec immersion in electrolyte then test.   
56Al +1 V (reverse direction) while set up then test.  
57Al +0.5 mA/cm2 (reverse direction) while set up then test 
58/59Al -1 mA/cm2 (forward direction) while set up then test 
60Al -10 mA/cm2 (forward direction) while set up then test 
61Al -20 mA/cm2 (forward direction) while set up then test 
62Al -10 mA/cm2 (forward direction) while set up then test  
63Al -20 mA/cm2 (forward direction) while set up then test  
 
In considering the scratch test performance of the magnesium tests, 55Al and 56Al 
chipped off very easily and were brittle.  58Al, very similar to 59Al performed the best with 
slightly better adhesion than 57Al; the coatings do not chip or flake but rather smear. However, 
poor adhesion with the substrate is observed as in Figure 53. 60Al and 61Al also did not exhibit 
good adhesion and the coating flaked away when adhesion was evaluated.  The next two tests, 
62Al and 63Al, performed at a higher temperature of 50 °C rather than 30 °C showed no 
adhesion to the substrate. Much of the coating was already removed prior to the scratch test due 
to handling.  
All tests have a black powder like layer underneath the deposit layer. In the case of 57Al 
the layer underneath was very soft and ductile (but also black/colored). For 58-59Al the 
deposited layer was pure aluminum (97% for 58/59Al, Table 7) with a black powdery layer 
underneath.  
 
Table 7: EDS analysis results from 100X SEM pictures for the deposited layer on the cathodes  
 55Al 56Al 57Al 58/59Al 60Al 61Al 62Al 63Al 
N Carbon = 35 0.5 1.2 0.1 0.0 3.1 2.1 2.1 
O 25 7.5 13 1 10.9 4.3 19.8 22.8 
Mg 6 1.7 4 0.8 3 1.2 2.7 5.2 
Al 36 89 82 97 84.7 93.8 73.7 69 
Cl 0.9 1.6 0.3 0.3 1.3 0.77 0.65 0.85 
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Notable here is that after the initial tests at 30 oC tests were conducted at a higher 
temperature (50 oC). The tests did not perform any better than the tests at 30 oC. Increasing the 
temperature could theoretically allow for cleaner plating as ions can better diffuse throughout the 
cell. However, as shown, this was not the case. Also attempted was “set up” current density. 
Increasing the current density while setting up could potentially prevent the chemical reaction 
from occurring as the high negative charge collected at the cathode would prevent the Mg from 
dissolving. 
With the results of these tests the aluminum deposition onto magnesium was suspended 
for the remainder of the program. Literature mentions the possibility of nickel or copper striking 
the cathode surface; plating a thin layer of nickel onto which aluminum can then be 
electrodeposited. Neither of these two possible solutions will be investigated. A possibility still 
remains for successful aluminum deposition with ionic liquid based electrolytes onto 
magnesium.  
 
V.III.VIII Test with Sodium Dodecyl Sulfate Addition to self-mixed [EMIm]Cl * 1.5 AlCl3 
Electrolyte  
 
 As discussed in the literature review, additives are often added to electrolytes to improve 
the quality of deposits. These additives can act as leveling agents, which act to generate more 
uniform, even coatings that reduce dendrites. They can also act to improve throwing power, the 
ability of an electrolyte to evenly and thoroughly coat a surface. These effects are explained by 
essentially steric and electronic interactions with the solvent, and incorporation to the crystal 
structure of the layer; or more so alteration of it. [4]  
  With these things in mind it was desired to evaluate the effect of an additive on the 
electrolyte. The BasionicsTM Al-02 electrolyte is known to contain sodium dodecyl sulfate. 
 Atomic absorption spectroscopy revealed that the electrolyte contained approximately 1.15 wt
% sodium. Therefore, 1 wt. % sodium dodecyl sulfate was added to a fresh mixture of 
[EMIm]Cl*1.5 AlCl3 and a test was ran. The result was a coating that visually 
to the BasionicsTM Al-02 electrolyte test results. 
BasionicsTM Al-02 electrolyte was the presence of nodules covering the surface of the cathode. 
These nodules were not present with such definition with the plain 
AlCl3 electrolyte. With the added sodium dodecyl sulfate
composition by EDS of the Basionics
around 80% aluminum when considering all the tests. The 
electrolyte with 1 wt. % sodium dodecyl su
of the BasionicsTM and self mixed electrolyte both have show surface fracturing on the coating, 
although the BasionicsTM notably less. 
 
 
Figure 54: Self-mixed [EMIm]Cl * 1.5 AlCl
and BasionicsTM Al-02 electrolyte (right) at 50
 
 Such results indicate that additives may both positively a
Additives act to improve the morphology often at the cost 
resistance and wear resistance. This is what is observed here. The layer l
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more even however reduced in practical applicability due to the surface fracturing and reduced 
purity. Further research in this area could be highly beneficial.  
 
V.III.IX  Micro hardness, Roughness and Adhesion Testing of 25-mL Cell  
 
V.III.IX.I Introduction  
For each electrolyte and condition, adhesion, microhardness and roughness were 
evaluated. As discussed in the methods section adhesion was evaluated by the qualitative cross 
cut adhesion test in accordance with the ASTM D3359 and the chisel knife test described in 
ASTM B 571. Surfaces were cut with a sharp box cutter blade or scalpel at a 90 degree angle to a 
depth that ensured penetration of the coating into the underlying substrate. The very sticky 
adhesion test tape was then applied, pressed down thoroughly and pulled off at an angle as close 
to 180o as possible. Microhardness was evaluated by a Vickers hardness tester. Evaluation 
occurred on selected test specimens which were created for the test. The test was performed in 
accordance with ASTM E384 standard for hardness testing with a Vicker’s hardness machine. 
Roughness was evaluated using a laser scanning microscope equipped with PASCAL™ analysis 
software. This microscope has the ability to scan the surface and create a 3-D plot of the surface. 
In addition, it provides the ability to calculate a relative roughness factor. This was computed 
and was subsequently compared between tests to gauge the actual roughness of the layers.   
Microhardness testing was conducted on the electroplated tests described in the methods 
section.  The cathodes were cut into two across the latitude and microhardness was conducted on 
the polished cross section plated layer of the cut to eliminate substrate effect.  
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V.III.IX.II Hardness Values by the Vicker’s Hardness Test  
Before considering the results of the test it is important to characterize what is 
satisfactory performance. Satisfactory performance is a layer that can compete with other current 
commercial aluminum electrodeposition processes. Current commercial processes yield 
deposited layers with microhardness in a range of 35-60 Vicker’s hardness. A hardness value 
above this is not satisfactory. As the hardness increases, so too does the amount of impurities and 
the brittleness of the layer; a result of microstructure. Such a layer is not practical for commercial 
application and will not provide the desired corrosion protection or lifetime. The hardness of 
99.999 wt. % (trace metal base) pure aluminum was measured to be approximately 19.8 Vicker’s 
hardness which is in agreement with typical literature values (usually 20 Vickers hardness).  
A consideration of the results yields the best performance from the BASF BasionicsTM 
Al-02, mixed [EMIm]Cl*1.5 AlCl3 and mixed [EMIm]AlCl4*0.5 AlCl3 from Sigma-Aldrich 
electrolytes. These electrolytes yielded microhardness in of 55, 61 and 65 HV respectively. 
These values are in an acceptable range. The performance is very similar to current commercial 
processes and it may be possible with more investigation to discover ways to bring this value 
down to be directly competitive. The IoLiTec electrolytes did not perform well providing 
hardness values at or in excess of 200 Vicker’s hardness. These values are found in Table 8. It is 
very likely that the proprietary additives to the IoLiTec electrolytes make these layers brittle. For 
the same reason the BasionicsTM Al-02 hardness is higher –but only slightly higher - than that of 
mixed [EMIm]Cl*1.5 AlCl3 with no additives.  
 
 
 
140 
 
Table 8: Hardness test results of Al-layers plated at 50 oC with -20 mA/cm2 (48Al to 52Al) and 
with 90 oC and -40 mA/cm2 (47Al) and 99.999 wt. % (trace metal base) Al-ingot. 
 
 
V.III.IX.III Roughness Testing 
The roughness evaluated on a Laser Scanning Microscope (LSM) provides for a relative 
comparison between aluminum plating tests. Due to the time required for such tests, results are 
notably limited. Nonetheless, considering small scale 25-mL testing, the results reveal there is 
little difference between the two mixed electrolytes and BasionicsTM or IoLiTec electrolyte. The 
5X roughness values, Table 9, which consider a macroscale comparison of roughness show 
highly varied values. The standard deviation of measurements taken by the scans of the laser 
reveal highly varied surfaces no matter the electrolyte or temperature. Table 9 below summarizes 
these results. 
 
Table 9: Roughness at plating temperature and electrolyte at 5X objective. Current density is -10 
mA/cm2 for all.  
 
Average Roughness value with standard deviation (micrometers) at 5X 
Electrolyte: Self Made 
[EMIm]Cl*1.5 AlCl3 
from [EMIm]AlCl4 
with 0.5 AlCl3 
Self Made 
[EMIm]Cl*1.5 
AlCl3 from 
scratch 
BasionicsTM Al-
02  
IoLiTec 
[BMIm]Cl*1.5 
AlCl3 and 
additives 
30 oC 100 σ  24 180 σ 24  140 σ 33 
50 oC 210 σ 27 140 σ 26 130 σ 22  
90 oC 180 σ 25 210 σ 28   
 
Al Test 47Al 48Al 49Al 50Al 51Al 52Al Pure Al
Ionic Liquid
Self-prepared 
[EMIm]Cl   + 
1.5   AlCl3  
Self Made 
[EMIm]Cl*1.5 
AlCl3 from 
[EMIm]AlCl4 
with 0.5 AlCl3
BasionicTM Al-
02 
IoLiTec 
[EMIm]Cl  + 
1.5 AlCl3 with 
additives
IoLiTec 
[EMIm]Cl  + 
1.5 AlCl3 with 
additives 
IoLiTec 
[BMIm]Cl  + 
1.5 AlCl3 with 
additives 
Pure Al
Average (HV) 61 55 65 200 230 180 20
Standard Deviation 12 11 15 17 6 16 2
Confidence 
Interval (90%) 9 8 11 12 5 12 1
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When considering roughness at 100X objective as in Table 10, the surface area in 
consideration is now “zoomed in” onto a particular trough or rise of the substrate. At 100X the 
analysis is more apt to paint a truer picture of the microscopic variation in deposition thickness 
then at 5X. The 5X itself, considering such a larger surface area, will more account for surface 
lay. Machining and surface activation treatment affect surface lay therefore it is affected by more 
than just the deposition process. The 100X results coincide with SEM and stereoscopic analysis. 
Although results are statistically limited, the indication is that these deposition surfaces are 
smoother. The self-made electrolytes without additives have surface roughness roughly two to 
four times that of the commercial electrolytes. This indicates that additives clearly have an effect 
on the coating morphology.  
 
Table 10: Roughness at temperature and electrolyte at 100x objective. Current density 10 
mA/cm2 for all.  
 
Average Roughness value with standard deviation (micrometers) at 100x 
Electrolyte: Self-prepared 
[EMIm]AlCl4*0.5 
AlCl3 
Self-prepared 
[EMIm]Cl*1.5 
AlCl3 
BasionicsTM Al-
02  
IoLiTec 
[BMIm]Cl*1.5 
AlCl3+additives 
30 oC 7.4 σ 0.69 9.8 σ 1.5   3.9 σ 0.74 
50 oC 11 σ 2.6 12.6 σ 3.6 3.3 σ 0.72  
90 oC 7.3 σ 1.3 9.5 σ 0.77   
 
V.III.IX.IV Adhesion Testing (Scratch/Tape) Testing  
Adhesion was also tested with the performance of plated layers from the various 
electrolytes rates in a similar fashion to the microhardness as described above. The best 
performance was observed for the BASF BasionicsTM Al-02, mixed [EMIm]Cl*1.5 AlCl3 and 
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[EMIm]AlCl4*0.5 AlCl3 from Sigma-Aldrich chemicals. The IoLiTec electrolytes did not 
perform well.  
Adhesion is one of the most important characteristics of any coating. Many studies 
neglect measurements of adhesion. Adhesion measurements are most often highly qualitative, 
but if performed correctly in accordance to the ASTM standards for adhesion testing they 
provide indications of real world applicability. Adhesion testing is most useful when evaluated 
against successful competition to provide relative measures of quality. With this in mind, 
adhesion testing here was conducted on select 25-mL tests, 1-L tests and on samples obtained 
from AlumiPlate; a commercial aluminum deposition process.  
The 5X and 10X images are presented for each test. Evaluation included noting the 
presence of peeling, flaking and other coating responses to the test. When poor adhesion to the 
underlying substrate is observed, the coating may curl back upon itself indicating good self-
adhesion, but poor substrate adhesion. Flaking is described as a forceful break of the layer when 
poor adhesion is observed indicating poor adhesion and brittle layers. It is also important to 
evaluate the extent to which coating is present on the substrate after the coating has been 
removed. This is another indication of a coatings self-adhesion and adhesion to substrate.  
Considering 25-mL evaluations, Figures 55-59 present the results of simple scratch 
testing. The self-prepared [EMIm]Cl*1.5 AlCl3 (Figure 55-56) and BASF BasionicsTM Al-02 
(Figure 57) electrolytes performed superiorly to the IoLiTec electrolytes (Figures 58 and 59). 
This conclusion is drawn because: 
(1) The IoLiTec electrolytes both show significant flaking. The jagged surface fracturing 
around the cut indicates this. In the case of the IoLiTec [EMIm]Cl*1.5 AlCl3 electrolyte, the 
surface fractured even to the touch.  
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(2) During the scratch procedure for both IoLiTec electrolyte tests, the layer, in some 
cases, virtually flew off the piece with force.  
The BasionicsTM Al-02 and mixed [EMIm]Cl*1.5 AlCl3 electrolytes were superior in that 
they did not show this “flaking” behavior, and the layers did not separate from the substrate. 
They did show poor adhesion in some cases. Relatively good adhesion is observed for tests at 
30-50 oC and 10-20 mA/cm2  and 90 oC and 40 mA/cm2 for the mixed [EMIm]Cl*1.5 AlCl3 
electrolyte and for all of the BasionicsTM Al-02 tests. It should be noted that in these tests the 
coating peels away from cut, but in the area immediately surrounding the cut there is good 
adhesion. This is ideal. Unfortunately there does not appear to be a correlation to current density 
or temperature between the “good” and “bad” tests. Adhesion can be affected by pretreatment 
and post treatment procedures, but again, as a result of the limited number of tests and apparent 
variability of results no precise conclusion can be drawn as to what is affecting adhesion.   
What is clear is that the [EMIm]Cl*1.5 AlCl3 electrolytes without additives and the BasionicsTM 
electrolyte additives perform better than the IoLiTec electrolytes with their additives.  
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 10 mA/cm2 20 mA/cm2 40 mA/cm2 
 
 
30 oC 
38Al        39Al 42Al 
 
 
50 oC 
40Al 41Al 43Al 
 
 
90 oC 
      44Al 45Al 46Al (pictured), 47Al 
Figure 55: Self-prepared [EMIm]Cl * 1.5 AlCl3 electrolyte – LSM 5X objective imagery of 
scratch/adhesion testing. 
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 10 mA/cm2 20 mA/cm2 40 mA/cm2 
 
 
30 oC 
38Al (20x) 39Al 42Al 
 
 
50  oC 
40Al 41Al 43Al 
 
 
90  oC 
44Al 45Al 46Al (pictured), 47Al 
Figure 56: Self-prepared [EMIm]Cl*1.5 AlCl3 electrolyte – LSM 10X objective imagery of 
scratch/adhesion testing. 
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 10 mA/cm2 20 mA/cm2 40 mA/cm2 
 
 
30oC 
  
54Al 
 
 
50 oC 
23Al 18Al (pictured), 49Al 21Al (pictured), 22Al 
 
 
90 oC 
  
17Al (pictured), 20 Al 
Figure 57: BasionicsTM Al-02 electrolyte – LSM 10X objective imagery of scratch/adhesion 
testing. 
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 10 mA/cm2 20 mA/cm2 40 mA/cm2 
 
 
30oC 
10 Al,11Al (pictured) 
  
 
 
50 oC 
9Al (pictured), 30Al,31Al 52Al 
 
 
 
80 oC 
12Al 14Al 
 
Figure 58: IoLiTec [BMIm]Cl*1.5 AlCl3 with additives – LSM 10X objective imagery of 
scratch/adhesion testing. 
 
 
 
 
 
 
 
 
  5 mA/cm2 
 
 
30oC 
 
 
 
 
50 oC 
4Al 
 
 
 
80 oC 
 
Figure 59: IoLiTec [EMIm]Cl*1.5 AlCl
scratch/adhesion testing. 
 
 
V.IV Attempts to Further Develop
Testing 
 
V.IV.I Introduction – The Baseline for a C
The commercial aluminum plating
131]. A commercial aluminum plating with ionic liquid (APIL) process is not described by 
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1 Al, 2Al (pictured) 50Al (pictured), 51Al
5Al 
3 with additives – LSM 10X objective
 a Commercially Viable APIL Process with 1
ommercial APIL Process  
 process is described in very few publications [
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7Al 
 imagery of 
-Liter-Cell 
128-
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publications or literature. The development of an APIL process was explored and is presented 
here.  
The schematic for the proposed aluminum plating with ionic liquid (APIL) process is 
given in Figure 60. The first column shows the normal aqueous pretreatment steps in air for 
nickel, copper and steel. This is a well-established process with a twofold degreasing process. It 
consists of degreasing steps, etching steps for oxide removal and multiple aqueous rinses in 
between the treatment bathes to clean and activate the part for plating. A supplemental nickel 
flash or nickel strike layer could be added in this first section of the pretreatment procedure to 
provide adhesion between the aluminum layer and parts made from aluminum alloys, stainless 
steel, etc. However the goal is to develop a pre-treatment providing sufficient adhesion without a 
nickel flash.  
After this initial procedure an air knife is utilized to dry the parts on the plating rack 
before they proceed into a vacuum chamber. This ante-camber will be evacuated and then filled 
with dry inert gas. The door inside the glove box will be opened and the rack transferred into the 
dry atmosphere of the glove box and subsequently into a non-aqueous etching bath. Regarding 
this portion of the process, J. Fischer, the project lead, has formerly developed various kinds of 
etching bathes for two aluminum plating companies in the world, Rasant-Alcotec in Germany 
and AlumiPlate in Minneapolis. Both of these company’s non-aqueous etching solutions together 
with the rinsing bathes, comprise a pretreatment that provides adhesion to nickel, copper, steel 
and other metal surfaces with the current commercial Al-plating processes. The inert dry gas 
process employs a two-step rinse with organic solvents. After which, the plating rack is placed 
into the plating bath.  
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After plating, the parts are rinsed to remove the electrolyte then proceed through a 
vacuum chamber and the sequence shown in column three of Figure 60. After rinsing with water, 
the normal post-treatment can take place.  
 
 
Figure 60: Schematic of the APIL process 
 
V.IV.II Pretreatment Procedure 
The steel pretreatment in air for the 1-liter cell was developed together with Metalline 
Corporation in Mequon, WI. It is a commercially viable pretreatment process. The process is 
described in step 2 to 10 in Table 11 with a triple rinse between the Amidident, Vortesol and 
Vortecid bath. These are commercially available pretreatment solutions produced by the 
Metalline Corporation. The time, temperature and current density were applied as specified by 
the manufacturer.  
The pretreatment in the inert gas atmosphere is still not completely developed. Potential 
non-aqeuous etching solutions include KHSO4 or NH4HSO4 solutions in ethylene glycol (EG). In 
151 
 
the pre-plating rinse bathes the etching solution must be rinsed off before the parts go into the 
[EMIm]Cl*1.5 AlCl3 plating bath. Therefore the rinse bath and etching solution must be 
miscible. Di-ethylene glycol mono-ethyl ether (DEGMEE), Di-ethylene glycol di-butyl ether 
(DEGDBE) and Di-ethylene glycol di-ethyl ether (DEGDEE) were chosen as candidates for 
miscibility tests as a result of their low vapor pressure. Miscibility tests showed di-ethylene 
glycol mono-ethyl ether (DEGMEE) is a possible rinse solution as it is miscible with the non-
aqueous etching bath and the plating bath because an alcohol group is part of the molecule. Pure 
ether such as DEGDBE and DEGDEE were not soluble in the electrolyte. Continued research 
investigated if DEGMEE can be tolerated by the plating bath and does not disturb the plating. 
The result is that DEGMEE’s presence in the electrolyte interferes with the proper deposition of 
aluminum. In the allotted time it was not possible to develop a pretreatment process that could be 
used in a commercial application. For our plating demands on our cleaned and etched flat steel 
test coupons we continued to use mechanical grinding with 320 silicon carbide paper as 
pretreatment, which gave us sufficient adhesion.    
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Table 11: Initial plan for pretreatment process for Aluminum Plating in the 1-L-cell. 
 
 
The inert atmosphere pretreatment requires a non-aqueous etching solution and 
subsequent rinse solution.he pre-plating rinse bathes the etching solution must be rinsed off 
before the parts go into the [EMIm]Cl*1.5 AlCl3 plating bath. Therefore the rinse bath and 
etching solution must be miscible. Table 12 identifies solvents that were considered for use as 
rinse agents. It is desirable to utilize non-volatile rinse agents in the inert atmosphere; loss can be 
expensive and can cause trouble in the inert atmosphere filtration systems. Also, the rinse 
solution must not chemically react with the electrolyte as this could alter electrochemical 
properties.  
Step # Name Constituent and concentration Temp. 
o
C
Current 
density 
mA/dm
2
Treatment 
time [min]
1 Mechanical cleaning Brush, cloth, SiC-paper, … r. t.
2 Soak clean Amdident F1-C (60 +- 15 g/L) 63 +-20 4.5 +-1.5
6 Electrocleaner Vortesol E-38-KBX (75 +-15 g/L) 77 +-12 67 +-40 4 +-1
10 Acid etch Vortecid GP (180 +-60 g/L) 35 +-14 1.25 +-0.75
14 Drying with clean air or N2 r. t.
15 Antechamber Air --> Inert gas atmosphere r. t.
16 Non-aqueous etch 1 w.% KHSO4 in ethylene glycol? r. t. ? 5 ?
17 Non-aqueous rinse 16.1 DEGMEE? or DEGDME? r. t. ? 0.5 ?
18 Non-aqueous rinse 16.2 DEGMEE? or DEGDME? r. t. ? 0.5 ?
19 Non-aqueous rinse 16.3 DEGMEE? or DEGDME? r. t. ? 0.5 ?
20 Plating bath [EMIm]Cl * 1.5 AlCl3 80? 15? 40?
21 Non-aqueous rinse 20.1 DEGMEE? r. t. ? 0.5 ?
22 Non-aqueous rinse 20.2 DEGMEE? r. t. ? 0.5 ?
23 Non-aqueous rinse 20.3 DEGMEE? r. t. ? 0.5 ?
24 Antechamber inert gas atmosphere --> Air r. t.
25 Water rinse 24.1 Demineralized water r. t. 0.5
26 Water rinse 24.2 Demineralized water r. t. 0.5
27 Water rinse 24.3 Demineralized water r. t. 0.5
28 Al-cleaning 140 g conc. HNO3 / L r. t. 0.5
29 Water rinse 28.1 Demineralized water r. t. 0.5
30 Water rinse 28.2 Demineralized water r. t. 0.5
31 Water rinse 28.3 Demineralized water r. t. 0.5
32 Drying with clean air or N2
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Potential non-aqueous etching solutions include KHSO4 or NH4HSO4 solutions in 
ethylene glycol (EG). The selection of an etching solution is 2nd to the determining a compatible 
rinse solution.  
Regarding rinse solutions, miscibility tests showed di-ethyleneglycol monoethyl ether 
(DEGMEE) was a possible rinse solution as it is miscible with the non-aqueous etching bath and 
the plating bath. DEGMEE was chosen amongst other chemicals such as Di-ethylene glycol 
dibutyl ether (DEGDBE) and Di-ethyleneglycol diethyl ether (DEGDEE) as a result of its low 
vapor pressure and predicted miscibility with electrolyte. However, testing revealed it that 
DEGMEE was in fact not compatible with the electrolyte. A plating experiment with 1:5 molar 
ratio of DEGMEE:electrolyte yielded a powdery, grey coating on a copper cathode imaged in 
Figure 61 and 62. The EDS analysis, Figure 63, reveals that only a small thin coating of 
aluminum was deposited, evidenced by the high copper concentration. Because of this result, the 
use of DEGMEE as a rinsing liquid was abandoned. Instead, inert mechanical etching with SiC 
paper was substituted as an alternative.  
 
 
 
 
 
 
 
 
 
  
Table 12: Solvents identified for potential use as pre/post rinse agents for electrodeposition 
experiments. Solvents are listed by decreasing boiling point top to bottom. 
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 Figure 61 : 100X SEM Image                           Figure 62
cathode surface plated with 1:5 molar ratio
of DEGMEE:[EMIm]Cl*1.5 AlCl
Figure 63: EDS Analysis of the cathode surface
DEGMEE:[EMIm]Cl*1.5 AlCl3.
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 2.5X objective Microscope
         
cathode surface plated with 1:5 molar ratio
3.                        of DEGMEE:[EMIm]Cl*1.5 AlCl
 plated with 1:5 molar ratio of 
 
 
 Image of 
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V.IV.III  Post Treatment Procedure 
After plating, the [EMIm]Cl*1.5 AlCl3 plating bath must be rinsed off with an organic 
solvent that has a low vapor pressure and dissolves the plating bath and can be rinsed off with 
water in air. It is desirable to be cheap, non-hazardous, environmentally friendly and easily 
washed off with water. Miscibility testing indicated that [EMIm]Cl dissolves in: 
• 1-Methylnaphthalene at 100 oC, 
• Naphthalene at 90 oC, 
• DEGMEE at room temperature, and 
• Propylene carbonate at room temperature 
DEGMEE is the first choice for a post-plating rinse bath because it is the only solvent of 
the four that can be rinsed off with water which is important after the plated part comes out of 
the antechamber into air (see step 25 through 27 in Table 11). After the water rinse more 
impurities at the Al-surface will be washed away with dilute nitric acid (step 28 in Table 11).  
Experimentally an interaction of the DEGMEE and the plated layer was observed. This 
effect is illustrated by Figures 64 and 65. Figure 66 further illustrates the observed phenomenon. 
1L-19Al was not rinsed with DEGMEE, rather it was rinsed solely with ethanol, water and 
acetone outside of the glovebox. 1L-11Al was rinsed with DEGMEE followed by the ethanol, 
water and acetone rinse. The darker coating was observed in all tests rinsed with DEGMEE. 
Further characterization of what exactly is resulting in the dark color is desired, but was not 
completed. It was decided for the tests after 1L-12Al to cease the DEGMEE rinse. Hence, all 
tests of which corrosion was evaluated were not rinsed DEGMEE but were rinsed solely with 
ethanol, water and acetone outside of the glovebox. 
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        Figure 64: 1L-19Al not rinsed              Figure 65: 1L-11Al rinsed with DEGMEE 
         with DEGMEE  
 
  
Figure 66: 1-L 19Al cathode coming out of the electrolyte (left) and after rinsing in the 
DEGMEE rinse bath (right). 
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V.IV.IV 1-L Cell Development  
The 1-L cell is required to test the plating under real world working conditions (industrial 
setting) with practical bath movement and electrode placement. In the 25-mL-cell the cylindrical 
cathode was spun at 600 rpm to ensure reproducible, very good but not realistic bath movement 
to get the best plated Al-layer. To accomplish bath movement in the 1-L cell, inert gas was 
bubbled close to the electrodes in a closed cycle. The gas bubbling through the electrolyte went 
through a gas washing bottle to remove electrolyte spray, the compressor, and back through the 
aerator and the electrolyte into the gas atmosphere of the 1-liter-cell. This closed cycle prevented 
electrolyte spray from contaminating and coating the atmosphere of the glovebox. 
Regarding electrode placement, it was desired to utilize electrodes large to allow salt fog 
corrosion testing of the cathodes. To do this, anodes of a similar size are required. The cathodes 
were therefore cut to 13x7 cm2 rectangular surface areas, the anodes 12x5 cm2. The anode width 
and height was slightly decreased to ensure even plating. If the anodes are too large, there will be 
a higher concentration of aluminum ions at the cathode edge. This is a result of the potential 
distribution in the cell; more electric field lines are focused at the edges of the cathode. This is 
likely to result in dendrite growth at these locations and an overall uneven plating which is not 
desired. The slightly larger anodes ensure that this does not happen.  
 
                   
Figure 67: 1 liter cell lid with electrodes and aerator    
        
Figure 67 shows the lid of the 1
anodes at the sides and the initial aerator beneath the cathode. The electrodes are insulated from 
the lid. In Figure 68 the plating cell
foam on the electrolyte surface at lower temperatures. Foaming is less at higher electrolyte 
temperatures: Foaming is expected and 
with a temperature controlled Al-
 
V.IV.V Electrodeposition Tests
Investigations in the 1-L 
liquids, but not the development
24 tests is the production of good adhering, pure, dense aluminum layers that have a chance to be 
as corrosion resistance as the commercially produced AlumiPlate® coating. The details of all 
tests are listed in Appendix C “Tables of Experimental Conditions and Results 
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Figure 68: 1 liter cell plating in action
-liter-cell with the cathode in the middle, the pure Al
 is in action. The bubbling nitrogen causes a 3 cm layer of 
occurs in industrial processes. [4] The glass cell is heated 
heating block sitting on a hotplate.  
 with the 1-L Cell  
cell further indicate potential for commercial plating using ionic 
 of a competitive aluminum deposition process.
 
 
-
 The goal of the 
– 1-L Testing 
160 
 
Summary”. The visual apperence and adhesion of the Al-layer was the main focus. 
[EMIm]Cl*1.5 AlCl3 and BasionicsTM Al-02 were the two electrolytes evaluated in this cell. 
Results (1L-16 and 17Al) shown in Figure 69 indicated that the BasionicsTM electrolyte did not 
perform well. The coating suffered poor adhesion and growth characteristics. After two tests to 
confirm the behavior, further testing with the electrolyte was abandoned. [EMIm]Cl*1.5 AlCl3 
gave more promising results.  
 
 
Figure 69: 1 Liter cell plating tests with the BasionicsTM Al-02 electrolyte at 50 oC and 20 
mA/cm2. 
 
Figure 70 presents some of the cell voltage versus plating time curves at varied 
temperatures and current densities with the [EMIm]Cl*1.5 AlCl3 electrolyte in the 1-liter-cell. 
The plots are as would be expected for the cell. The voltages are not so high; electrolyte 
 destruction is not likely occurring which is positive for electrolyte lifetime. The smooth level 
plots indicate no dramatic changes in cell conditions over the course of a plating experiment. 
 
Figure 70: Cell voltage versus plating time cur
with the [EMIm]Cl*1.5 AlCl3 electrolyte in the 1
 
The adhesion of the plated Al
and the ASTM B571 scratch test
these tests the tip of a scalpel or sharp box cutter 
substrate and produces a grid of cuttings with approximately 1 mm distance from each other. The 
brittle plating in Figure 71 is an example of what a failed crosscut test visually looks like
aluminum layer is observed to have 
crosscut a tape test was always performed in the grid area
is an example where the grid cuts
remove the aluminum by the tape test
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ves at varied temperatures and current densities 
-liter-cell. 
-layer was tested with the ASTM D3359 crosscut
. Figures 71 and 72 show the results of two crosscut tests
blade cuts through the aluminum layer into the 
splintered and broke off the substrate near the cut.
 as per the ASTM standard
 were made through a ductile Al-layer and it was
, showing good adhesion. 
 
 tape test 
.  In 
.  The 
 After the 
. Figure 72 
 not possible to 
  The most aggressive test for adhesion was 
attempts to lift the aluminum layer with a box cutter from the edge of the plated coupon
upward cutting force. Figure 73
substrate when this test was applied to an Al
aluminum layer is visible – no lifting.
DEGMEE was removed from the procedure. The adhesion then was competitive with the 
AlumiPlate coatings.  
Because there is still a lack of a val
was ground in inert gas atmosphere 
aluminum layer that passed all adhesion tests
viable for a commercial process. 
 
Figure 71: Cross cut test – failed 
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the ASTM B571 scratch test
 shows the ductile aluminum layer curling up and leaving the 
-layer. In Figure 74 only the smearing of the 
 Adhesion dramatically improved when the rinse of 
id pretreatment in inert gas atmosphere, the surface 
with SiC paper, 320 grit before plating to 
 and was consistent. This procedure would not be 
 Further development is required.  
 
adhesion.     Figure 72: Cross cut test – good adhesion.
 
.  This test 
 using an 
try to get an 
  
 
 Figure 73: Scratch test – failed adhesion.       
 
Significant peeling and some flaking is observed in test 11Al as seen in Figure 75 which 
used DEGMEE rinse. The tests presented in Figures 
where DEGMEE was no longer used as post plating rinse. Interestingly
adhesion of the substrate to the surface increased. All tests were conducted at the same 
temperature and current density, 50 
was to create a similar layer between each test as the electrolyte bath was kept constant. 
consecutive tests 1L-19Al to 1L
and lifetime. The level of adhesion does not appear 
adhesion is of good quality. When compared to the adhesion observed by t
(Figures 82 and 83) no distinction between the two can be made or was noted when conducting 
the scratch adhesion test. This 
standards.  
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   Figure 74: Scratch test – good adhesion.
75-83 represent 1-L cell tests after 12Al 
, it was observed that the 
oC and 20 mA/cm2 with nitrogen bath agita
-24Al give a rudimentary indication of electrolyte performance
to change between these tests, and the 
he AlumiPlate sample 
is believed to produce a coating that would meet industry 
 
 
tion. The goal 
Six 
 
164 
 
 
Figure 75: 1L -11Al microscope 5X objective image 
 
 
 
Figure 76: 1L-19Al microscope                     Figure 77: 1L-19Al microscope 
objective image - 2X    objective image - 5X 
 
 
Figure 78: 1L-21Al microscope                      Figure 79: 1L-21Al microscope 
objective image - 2X    objective image - 5X 
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Figure 80: 1L-24Al microscope                      Figure 81: 1L-24Al microscope 
objective image - 2X    objective image - 5X 
 
 
 
Figure 82: AlumiPlate® microscope              Figure 83: AlumiPlate® microscope 
objective image - 2X     objective image - 5X 
 
The density of the aluminum layer is high when amorphous growth of the aluminum 
layer is present as shown in Figures 84 and 85. Figure 84 is the standard, the AlumiPlate® layer. 
Figure 85 shows a dense aluminum layer and Figure 86 a porous layer with columnar growth 
from the same electrolyte - [EMIm]Cl*1.5 AlCl3. The porous aluminum layer will not protect the 
substrate as sufficient as the dense nonporous aluminum layer from AlumiPlate®. More dense 
aluminum coatings were obtained if the temperature and current density was chosen right and the 
amount of impurities in the electrolyte is low.  
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The ideal temperature would be as high as possible until electrolyte destruction occurs. A 
higher temperature increases transport characteristics in the electrolyte. However, the concern is 
that electrolyte destruction could occur. As discussed in literature the electrolyte is known to 
break down at temperatures a little bit above 100 oC. Therefore, 50 oC was the experimentally 
ideal test temperature. It ensured that electrolyte destruction did not occur.  
 At high current densities more aluminum is plated than at low in the same time frame. 
From this logical thought, it would be ideal to maximize current density. Current density most 
often directly relates to morphology, specifically the formation of dendrites. It was found that at 
40 mA/cm2, dendrites formed in the 1 L cell. Therefore 20 mA/cm2 was identified as the 
experimentally ideal current density. It stands to plate faster than most commercial processes, yet 
prevented dendrite formation.   
Considering the impurities when performing a plating experiment the formation of a dark 
material was observed. This dark material coated the anode significantly and was also present in 
the electrolyte in the form of small particulates and flakes. Under EDS analysis the material 
reveals high quantities of aluminum and oxygen present. This indicates some aluminum oxide is 
forming on the anode surface. It is not likely that the dark material is resulting from impurities in 
the aluminum anodes as they are >99.99% pure. The incorporation of these particles inevitably 
will lead to some reduction in purity, quality and adhesion of the aluminum coating. To account 
for this, the bath was filtered between plating experiments by decanting. Although it would be 
ideal to utilize a bath filtration system, this was not accomplished during the projects timeframe.  
 
 Figure 84: AlumiPlate® layer                  
AlCl3 – SEM 1000X image.         
 
Figure 86: 1L-02Al-layer from  
[EMIm]Cl*1.5 AlCl3 – columnar growth 
 
 Finally, it is noted that the hardness of the non
found to be approximately 35 HV. This value is highly competitive and indicates that although 
there are impurities present, they
 
V.IV.VI “Large Scale” 1-L Cell
Roughness was evaluated with laser microscopy. The result is a measured roughness that 
averages about 15 µm. It is important to note that the measured roughness is not the average 
roughness; it is the roughness per the scale of measurement which may include
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                 Figure 85: 1L-03Al Al-layer from 
                           [EMIm]Cl*1.5SEM 1000X image
 
– porous layer 
-DEGMEE rinsed 1 liter cell tests was 
 are not affecting the hardness of the coating.  
 Roughness Evaluation 
 
 
 
 more than the 
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variation of surface height. The scale in Figures 87 and 88 illustrates this idea. The lowest 
surface value is estimated to be a little above 10 µm.  
It was discovered that there was significant variation in the roughness of plating 
experiments even though the measured roughness average was about 15 µm. Two tests illustrate 
the variation.  
• 1L-12Al imaged in Figure 87 was a test conducted at 80 oC and -20 mA/cm2 
• 1L-15Al imaged in Figure 88 was a test conducted at 50 oC and -20 mA/cm2. 
           Comparing Figure 87 and 88 it is observed that the topography of the 1L-15Al (Figure 82) 
is notably more extreme. The significantly longer plating time of the 1L-15Al experiment 
resulted in the thicker coating, and also the growth of dendrites.  In evaluating the roughness and 
surface morphology of the 24 tests it was observed that at a current density of 40 mA/cm2
 
significant dendrite growth was observed. No correlation was drawn with temperature. It is then 
difficult to explain this variation in surface texture. It could be that surface preparation differed 
between the two samples, or electrode placement was not consistent in the cell although all 
attempts were made to ensure these parameters were identical for all tests.  
The surface topography of both of the mentioned test surfaces indicates that they suffer 
dendrite growth.  This morphology typically is a negative in regards to the quality of the coating. 
With dendrite formation the possibility of pore formation also increases which could be 
associated with a reduction in corrosion resistance. The reduction of quality should theoretically 
be more prevalent in 1L-15Al where it should be thin in the valleys as more aluminum is wasted 
in the creation of the large dendrites. Such a coating is not dense, nor protective. 
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Figure 87: 1L-12 Topography Image             Figure 88: 1L-15 Topography Image 
            45 deg. – 30% - Average of 15 – 100X         45 deg. – 30% - Average of 15 – 100X 
 
V.IV.VII ASTM B117 Salt Fog Corrosion Test Results  
Steel alloy 1018 samples were electroplated in the 1-L cell with aluminum in 
[EMIm]Cl*1.5 AlCl3 electrolyte to two different theoretical thicknesses. 1L-21Al through 1L-
24Al were plated to a theoretical average 9 µm thickness; 8.4 to 10.0 µm was achieved. 1L-18Al 
and 1L-19Al were plated to a theoretical 13 µm average; 12 to 12.5 µm averages were achieved. 
The actual average values were determined from the experimentally determined weight gains. It 
was assumed in their calculation that the aluminum on the entire surface is dense and evenly 
spread. It has been mentioned that the samples were ground in inert atmosphere. As it was not 
possible to weigh the unplated panels in the inert atmosphere prior to the experiment the grinding 
was simulated in air. It was discovered that around 47 mg of steel was removed by this inert 
mechanical etch. This estimate in included in the experimental weight measurements.  
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Panels from AlumiPlate are labeled AP1 through AP4. These were plated by AlumiPlate 
in their commercial plant with an average 11.4 or 19.1 µm Al thickness in theory with minimum 
7.6 and 12.7 µm Al on the panels, respectively.   
The thickness values mentioned above were evaluated experimentally with eddy current. 
Each specimen was tested front and back in 5 locations. When using the eddy current meter there 
was significant user judgment in what was considered a good measurement. As a result of the 
measurement head, varying amounts of force can be utilized resulting in the probe either 
penetrating into the substrate or not penetrating the coated layer. In an attempt to minimize this 
potential human error only one individual performed the test. All tests were conducted in one 
sitting. The goal of these endeavors was to ensure reliable, consistent test method and results. 
The meter was calibrated on a steel cathode sanded and prepared as usual (320 grit sandpaper 
was utilized). This calibration acts as the zero value to which all other values are compared 
against for the experimental 1-L cell results. For the AlumiPlate results, the meter was zeroed on 
a piece of stripped AlumiPlate sample. The aluminum was stripped using a NaOH bath. The 
surface was not sanded with 320 grit paper. The average of the all the five test points of these 
measurements for each sample are presented in Table 13. The table also includes the time till rust 
in the ASTM B117, (discussed in the next section). More details on the measurements are 
available in Appendix E: Thickness Measurements of ASTM B117 Salt Spray Panels. 
 
 
 
 
 
171 
 
Table 13: Thicknesses of the plated aluminum. Note: AP = AlumiPlate panels 
 
 
 Considering the values listed in Table 13 indicates the following:  
• The thickness values for the AlumiPlate samples are as expected and advertised.  
• The difference between the maximum and minimum value for the AlumiPlate coating is 
not large, typically 1.2 to 1.3 µm. This indicates a good deal of uniformity on the 
AlumiPlate samples. This was observed when making the measurements with Eddy 
Current.  
• The experimental (APIL) test samples have thickness values that far exceed what 
theoretically should be present. This indicates that the coating is not dense. 
Experimentally columnar growth was observed, which validates this observation.  
• The difference between the maximum and minimum value for the experimental coatings, 
as high as 17.8 µm exceeds the same difference in the AlumiPlate samples, 5.2 µm.  
AP1-7.6min 11.4 11.7 10.4 15.6 11.2 11.7 306
AP2-7.6min 11.4 12.4 11.2 13.7 12.9 12.4 301
AP3-12.7min 19.1 14.8 13.5 16.3 24.2 14.8 336
AP4-12.7min 19.1 14.8 13.5 16.4 27.4 14.8 326
1L-18Al-12avrg 12.2 23 15.2 33 22.3 12.4 140
1L-19Al-12avrg 12.3 20.6 13.7 31.5 36.2 8.9 150
1L-21Al-8avrg 8.4 15.2 13.5 16.8 11.6 9.5 130
1L-22Al-10avrg 10 11.6 8.4 14.2 18.4 12.3 188
1L-23Al-9avrg 9 15.3 14.6 17.2 13.2 8.3 193
1L-24Al-9avrg 9.2 11.2 9.2 14 14.6 8.0 242
Measured 
maximum 
plating 
thickness 
on tested 
side    µm
Measured 
average 
plating 
thickness 
on other 
than tested 
side    µm
Average 
dense 
plating 
thickness in 
theory on 
tested side      
µm 
Time in 
the 
ASTM 
B117 test 
till first 
red rust   
h
Test panel #
Average 
plating 
thickness 
in theory       
µm 
Measured 
average 
plating 
thickness 
on tested 
side    µm
Measured 
minimum 
plating 
thickness 
on tested 
side    µm
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• It follows from these ideas AlumiPlate samples should exhibit superior corrosion 
resistance than the experimental samples as the coatings are more uniform and dense. 
The salt fog corrosion experimental and AlumiPlate test samples are pictorially presented 
in Appendix D: “The Corrosion Test Coupons from AlumiPlate and Experimental Coupons 
Plated in the 1-L Cell”. All samples were scribed with a box cutter blade to see how well a 
scratch with exposure of the steel gets cathodically protected by the neighboring Al-coating. 
Time was measured until first red rust appeared, after which the sample would be removed from 
the chamber.  
 After 24 hours of salt fog exposure, the experimental and AlumiPlate samples showed an 
interaction to the salt fog solution. The experimental samples begin to show discoloration that 
appears randomly across the entire surface. The AlumiPlate samples show discoloration only at 
the scribe.   
 After 150 hours three panels showed red rust: 21Al, 18Al and 19Al. The AlumiPlate 
samples did not show red rust. All panels were showing significantly more surface discoloration 
at this point. The experimental samples discoloration was random, the AlumiPlate samples began 
to show some discoloration all across the surface but with higher concentration at the scribe. The 
red rust on the experimental samples did not appear at the scribe, but rather randomly across the 
surface.  
 Between 150 and 252 hours the experimental samples each began to show red rust. 1L-
24Al was the experimental sample that lasted the longest. One AlumiPlate sample lasted until 
336 hours of salt fog exposure. 1L-24Al, similar to prior discoloration and rust presentation, 
showed corrosion all over its surface. The AlumiPlate samples corrosion was focused at the 
scribe.  
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 The appearance of red rust and surface discoloration presents some interesting 
considerations. Foremost, the discoloration is indicative of a chemical reaction. The discoloration 
presents in two fashions, a white-fluid chalk like appearance and a dark-fluid like appearance. 
The discoloration of the samples at various time intervals is presented in Appendix E: “ASTM 
B117 Salt Spray Pictures Regarding Aluminum Plated Test Panels and AlumiPlate Test Panels”.  
The AlumiPlate samples primarily exhibit the white fluid like appearance, whereas the 
experimental samples exhibit both.  
The dark fluid appearance on the surface indicates the presence of an iron salt or iron. 
What is possible is that the iron in the steel substrate is becoming oxidized by the salt solution to 
form Fe2+, and then is subsequently being carried by the flowing salt solution to a point on the 
sample surface where the aluminum metal surface coating subsequently reduces the iron to its 
metallic form. This action could create the dark coloration.  
The white fluid appearance may be a result of aluminum’s oxidization to aluminum oxide 
or aluminum hydroxide.  Both can be stated to be the commonly known “white rust”. 
The dense coating present on the AlumiPlate sample is an indication that the substrate is 
little exposed to the salt fog solution. This could explain why the AlumiPlate samples only show 
red rust corrosion at the scribe; the only exposed or accessible steel substrate. Conversely, from 
prior observations of thickness and morphology it appears the experimental samples do not have 
a dense aluminum coating.  As a result of this, the salt fog solution is able to penetrate the 
aluminum coating and therefore access the steel substrate causing it to rust.  This is most 
definitely a factor of the corrosion that randomly presents on the sample surfaces. It also stands 
that if the aluminum coating is not dense and is full of crevices or pores, it will not be as readily 
capable of reducing oxidized iron substrate.  
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Another explanation that works in parallel with the above discussion is that the 
experimental sample’s surfaces, as observed by roughness and thickness testing, show significant 
height variations. The maximum thickness values will be at the top of columnar growth deposits 
or nodules, the minimum will stand in-between these high growths; thin spots. It is likely that the 
corrosion is occurring at pores or crevices located in these thin spots on the surface.  
The fact that the AlumiPlate samples lasted notably longer than most of the experimental 
results indicates that the AlumiPlate layer is superior in corrosion resistance to the experimental 
results. Although the AlumiPlate samples showed corrosion at pores, these areas were protected 
by the surrounding aluminum substrate, as was expected from the AlumiPlate samples. When the 
AlumiPlate samples did corrode, they corroded at the scribe, which is expected since the 
substrate is greatly exposed resulting in the adjacent Al-layer dissolving to protect the more 
noble steel.  
What is interesting is that for the experimental samples red rust corrosion did not begin to 
appear at the scribes, but rather at other locations on the surface where pores were found. Pores 
would be found in these locations on the experimental samples. The reason they likely corroded 
in these regions while the AlumiPlate samples did not can be attributed to presumably larger 
pores and only a thin layer of protective, dense Al as well as varied chemical composition in the 
aluminum coating. Although it was not possible to obtain EDS analysis of the AlumiPlate 
samples, it is known that the coatings are 99.9 wt. % pure aluminum. EDS of the experimental 
samples indicates the presence of chlorine in all coatings as well as, at times, nitrogen and 
oxygen. On the other hand the microhardness is compatible with the AlumiPlate layer indicating 
sufficient purity. Further characterization is desired to quantify these results.  
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It is apparent that the microstructure of electrodeposited aluminum from ionic liquids 
needs to be better if adequate and competitive corrosion performance is to be achieved. This is 
also apparent in Figure 89. Here it is observed that the AlumiPlate samples show normal 
behavior: the thicker the dense Al-layer is, the longer it takes until the first red rust occurs. The 
experimental samples show a different behavior, the higher the measured thickness values the 
more porous the layer is and the lower the corrosion resistance is.  
Interestingly as the time to red rust increases the maximum thickness value of the 
experimental samples decreases dramatically. Yet, although the value of the minimum thickness 
decreases, it does so notably less. In short, thinnest plating thickness has the greatest corrosion 
resistance, because it is probably a relatively dense Al-layer that was present on all experimental 
samples regardless of thickness. In this case, extrapolating the line for the AlumiPlate samples in 
Figures 89 and 90, it looks as though this thin dense experimental aluminum coating could have 
a similar performance to an AlumiPlate layer of the same thickness. 
 
 Figure 89: The measured Al-thickness on AlumiPlate coupons and our self
coupons versus the time until red rust in ASTM B117 salt spray test. 
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 Figure 90: The theoretically dense Al
APIL coupons versus the time until
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CHAPTER VI 
 SUMMARY, POTENTIAL FOR THE FUTURE AND CONCLUSIONS 
 
VI.I Summary of Research  
 This research attempted the development of a commercially viable process for the 
electrodeposition of aluminum using ionic liquid electrolytes. Accomplishing this goal requires 
development of all aspects of a commercial plating process, something that has not been 
evaluated in ionic liquids. These required developments include: 
• Identification of commercially available ionic liquid based Al-plating electrolytes for 
deposition and operation parameters of testing. 
• Development of a pre- and post-treatment process. 
• Development and investigation of deposition onto practical surfaces. 
• Construction and development of a larger scale cell that is more practical for commercial 
applications than the small scale laboratory systems. 
• Evaluation of the performance of deposited coatings in a commercially viable system. 
 
Six different ionic liquid based electrolytes, three commercially available  
and three made on site were evaluated in small scale testing. The three commercially available 
aluminum plating electrolytes were: 
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• 1-Butyl-3-methylimidazolium chloride ([BMIm]Cl) * 1.5 AlCl3 and proprietary additives 
from IoLiTec 
• 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) * 1.5 AlCl3 and proprietary additives 
from IoLiTec  
• BasionicsTM Al-02 an aluminum plating electrolyte from BASF with [EMIm] Cl * 1.5 
AlCl3 and sodium dodecyl sulfate as additive 
 
The three electrolytes mixed from stock chemicals and referred to as “mixed” ionic liquids were:  
• [EMIm]Cl * 1.5 AlCl3  
• [EMIm]Cl * 1.5 AlCl3 made form a base [EMIm]Cl AlCl4  
• [EMIm]Cl * 1.5 AlCl3 with sodium dodecyl sulfate 
 
Small-scale testing indicated that the “mixed” ionic liquids and the BasionicsTM 
electrolyte performed the best. These electrolytes resulted in pure or fairly pure aluminum 
coatings. The microhardness was close to the of Alumiplate’s hardness value. The IoLiTec 
electrolyte, although yielding a more ideal surface morphology, presented a reduced purity 
coating. This coating was not well adhered and was very brittle with the applied plating 
conditions. This makes the IoLiTec electrolyte not practical for the desired applications set forth 
by the project.  
Investigations of atmospheric and inert atmosphere pre and post treatment were 
investigated. Atmospheric development could be considered near complete. The pretreatment 
processes developed in collaboration with Metalline averts the use of dangerous acids such as 
hydrofluoric acid (HF) or volatile organic compounds (VOCs).  Development of per- and post-
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treatment options for inert atmosphere is far from complete. Our investigations illustrated the 
difficulty in developing an inert atmosphere pre- and post-treatment process. Development of 
pre-treatment etching solution yielded a few possible solutions. However, a rinse solution that 
removes the inert etch solution, both pre-test and electrolyte post-test was not identified. For this 
rinse solution, not only is miscibility with both the etch and electrolyte required, this solution 
must not react or otherwise alter the electrochemical properties of the electrolyte in an 
unfavorable way. The most promising rinse agent tested, DEGMEE, was found to negatively 
impact plating experiments (both electrolyte performance and deposition quality).  
A variety of pretreatment procedures for magnesium did not result in success. Although it 
was possible to thoroughly clean the surface (Metalline has pretreatment solutions for 
magnesium as well) the problem lies in preventing the chemical interaction between aluminum 
and magnesium from occurring. Here it was attempted to utilize electrochemical control prior to 
test commencement to control this reaction. The results indicated a better quality coating was 
obtained, but there was no improvement of adhesion; this is where this intrinsic chemical 
reaction presents a problem.  
Deposition experiments on the small scale were mostly conducted onto copper cathodes, 
with some initial testing occurring onto nickel cathodes. There was no difference in performance 
observed between these two substrates. Attempts were made to deposit aluminum onto 
magnesium (EV31 alloy) with adhesion, but these were not successful. No adhesion was 
observed.  
A 1-L-cell was evaluated for Al-deposition onto steel 1018 alloy substrate, which has the 
widest range of application. The results of the 1-L-cell, plating onto steel, indicate a relative 
success with the self-prepared [EMIm]Cl * 1.5 AlCl3 electrolyte.  In this larger cell with gas 
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bubbling as a bath movement the BasionicsTM Al-02 electrolyte resulted in poorly adhered, 
brittle coatings. The self-prepared [EMIm]Cl * 1.5 AlCl3 electrolyte resulted in coatings with 
adhesion competitive with the AlumiPlate coating. The hardness of both experimental electrlytes 
was also competitive at approximately 35 HV.  AlumiPlate is known to have a hardness of 35 
HV to 60 HV.  
The coatings in the 1-L-cell cover the entire surfaces of the corrosion samples, including 
the edges of the samples. Dendrites appearance was readily present on the cathode surfaces, 
which indicates an uneven and poorly protective coating as some areas plated high (a dendrite) 
and others low (likely a pore or thin coating around the dendrite). This qualitative assessment 
was partially confirmed by the salt fog corrosion testing, in which the samples corroded across 
their surface. The dense AlumiPlate coatings performed superiorly in the salt fog test lasting 
significantly longer than the test panels prepared with ionic liquid electrolyte. This could also be 
attributed to impurity incorporation into the plated layer, indicated by micro hardness tests. 
The 1-L-cell results identify the difficulties in scaling up from the small scale laboratory 
testing to a more commercial application. A commercial cell may not behave in the same way as 
the lab cell. It is important to consider scale-up effects when investigating new processes of 
coating materials. The cell was constructed with anodes and cathodes sized to maximize the 
ability to create an even coating by making the anodes slightly smaller than the cathodes. The 
spacing of electrodes was made to be similar to that observed in a commercial plating cell. One 
of the biggest concerns in these systems is bath agitation.  This investigation utilized inert 
atmosphere bubbling/aeration to agitate and mix the electrolyte during plating experiments. 
However, the methods used in these experiments resulted in an uneven current density on the 
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cathode surface do to the concentration of bubbles. It is assumed that the aerator was too close to 
the cathode.    
 
 
VI.II Potential for Future Research  
This project investigated many areas that have not been significantly investigated or 
developed by other researchers. It acted to combine and provide a more complete and 
comparative evaluation of an aluminum deposition process with ionic liquids on the commercial 
scale. The following section aims to define paths that could be investigated in future research and 
development programs.  
  
VI.II.I Investigations Utilizing Bath Agitation  
 As mentioned, there was a significant issue with the nitrogen aeration system utilized in 
this study. An uneven current density was obtained, visualized as coloration on the cathodes 
plated in the 1-L-cell. Bubbling an inert gas through a plating cell is a common method of bath 
agitation in commercial systems. Our system utilized two, 1-inch diameter glass frits to generate 
the bubbles and a simple generic compressor. A different design could likely improve the mixing 
with inert bubbling by utilizing a different system. One issue that was observed was the initial 
bubble production occurred too close to the cathode to allow adequate time for the bubbles to 
diffuse apart. A greater distance would allow for this; however this often occurs at the cost of 
excess required electrolyte. It would be recommended to try to optimize the diffuser-cathode 
distance to minimize the effect of altered current density at the cathode.  
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There are other methods that are commonly employed to ensure mixing. These include 
mixing with jet or propeller systems. Such a system would ensure that there is nothing present to 
alter the exposed substrate area to the electrolyte. Jet or propeller systems are difficult in that 
they require specially designed cells and placement to ensure adequate mixing, but this is not 
unreasonable. One other method is the use of ultrasonic agitation. This is also commonly used, 
but in the case of these electrolytes it would be required to find a probe tip that could be coated 
or covered to prevent reaction with the aggressive electrolyte.  The benefit is no moving parts in 
the plating cell.  
 
VI.II.II Development of a Pre- and Post-Treatment Procedure  
 This research sought to develop environmentally and health friendly pre and post 
treatment processes. The atmospheric pretreatment in collaboration with Metalline was 
adequately developed however the inert atmosphere pretreatment process was not.  Some 
investigations into etch solutions revealed a few possibilities. It is likely there are many others 
that could be utilized. The big problem is finding a rinse agent that rinses the etch and does not 
affect the electrolyte or deposited coating. A thermally stable solvent with a high electrochemical 
window is desired for this.  
 
VI.II.III Investigations of Solvents and Additives  
The addition of additives to the ionic liquid electrolytes significantly affects the quality of 
the deposit. The IoLiTec and BasionicsTM Al-02 coatings are shiny; they are smoother, generally 
amorphous, have fewer dendrites and no visible pores then the mixed electrolytes without 
additives.  This is at the sacrifice of hardness, brittleness, composition and most importantly as 
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observed here, adhesion. It is known that the BasionicsTM Al-02 electrolyte contains about 1 wt. 
% sodium dodecyl sulfate, which acts as a leveling agent. One test conducted during this study 
contained the leveling additive and gave a result similar to the BasionicsTM electrolyte. IoLiTec 
additives are proprietary and notably resulted in, morphologically, the most favorable layer. 
They are shiny and amorphous, but unfortunately very brittle and poorly adhered.  
It would be useful to further investigate the addition of additives to [EMIm]Cl or 
[BMIm]Cl based electrolytes. Clearly additives can have a dramatic effect. Changing the 
concentration of sodium dodecyl sulfate and the addition of other salts could improve 
performance.  
Prior research with tantalum indicated that solvent addition alters the resulted deposition. 
Such additions can act to make the electrolyte less viscous, but also can improve other aspects of 
the electrolyte such as conductivity or ion mobility. Potential solvents for ionic liquids were 
identified in Table 12. Investigations that play with ratios of solvent to electrolyte could 
potentially produce interesting results.  
 
VI.II.IV Detailed Characterizations of Electrolytes and Electrodes: Before, During and 
After Deposition  
 
 This investigation did not consider in great depth or detail the reaction mechanisms of 
deposition or the changing chemical characteristics of the electrolyte during a test, or over a 
series of tests. Although the elemental composition of coatings in the small scale testing was 
identified by SEM-EDS analysis, it would be advisable to investigate the purity of the Al-layer 
further.  
Such investigations could utilize X-ray diffraction to identify the crystal structures of the 
various coatings. In this study assumptions were made noting ratios to deduce the most probable 
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structure formation. As there are 7 different forms of aluminum oxide it would be interesting to 
know which oxide specifically is present and if a specific oxide results in various coating 
performance.  As well, it would be ideal to further characterize the crystal structure of the 
supposed “pure aluminum” that lies beneath the oxide coating. The presence of impurities could 
potentially be detected, and their subsequent effect on crystal structure. 
  It would also be interesting to further characterize the electrolyte. As discussed in the literature 
review, Al-NMR was conducted in at least one instance. It would be of interest to further 
perform this research over the course of the electrolyte’s lifetime to evaluate what specific 
aluminum species are present amongst other components in the electrolyte. 
  The dark material that formed on the anodes during both small and large scale plating 
tests warrant further discussion. The material, when analyzed, contained high amounts of 
aluminum and oxygen, indicating it was likely an aluminum oxide. It would be interesting to 
know what the true structure of this material is and if there is a correlation between its formation 
and electrolyte destruction.  
 
VI.II.V Filtration Implementation   
Progression to commercialization and a “real process” that is commercially viable 
requires further investigation and development of the topics discussed in this section. Also 
required, but not yet mentioned here, should be the incorporation of a bath filtration system. A 
system like this was not employed or developed in this research. It is possible that better results 
could be obtained with filtration. Filtration systems provide the ability to maintain an electrolyte 
free of debris and solid impurities. Most commercial plating baths employ some method of 
filtration. As it was discovered in the 1-L-cell plating tests, particulates were present in the 
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electrolyte: partially due to the collapse of dendrites and partially due to the dark material from 
the anodes. These particulates may have been incorporated into the layer, giving the resultant 
reduction of corrosion resistance, resulting in the formation of pores and dendrites. If a bath 
filtration system was to be employed should be that the bath is filtered 10 times every hour 
through a 1-µm-filter, as in other commercial Al-plating processes. 
   If these difficulties could be overcome, developed or otherwise investigated thoroughly, 
there is a potential that a commercial process from ionic liquids for aluminum deposition, can be 
developed. The coatings created in this research could be stated to be “just below competitive” 
and it is likely that more research could make this process competitive.  
 
VI.III Conclusion  
 The goal of this research was to advance developments of a complete commercial process 
for aluminum deposition from ionic liquids by developing a characteristically satisfactory 
aluminum layer for the mitigation of metallic corrosion by refining methods for the 
electrodeposition of aluminum from ionic liquids. Being “Satisfactory” is governed by the 
competitiveness of the deposited layers compared to current commercial alternatives for 
aluminum deposition. 
  Small scale testing yielded results showing that the self-prepared [EMIm]Cl * 1.5 AlCl3 
electrolyte, was superior in adhesion and microhardness to the IoLiTec and BASF BasionicsTM 
Al-02 commercially available aluminum plating electrolytes. These electrolytes contain additives 
that negatively affect the practical application of the coatings they produce. These additives 
make the coatings brittle and poorly adhered as well as reducing purity; however, the additives 
dramatically improve the visual appearance of their coatings compared to those that do not 
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contain the additives. There was no correlation drawn between temperature, adhesion, 
microhardness and current density, another purpose of the small scale testing. Rather, it appeared 
that success was more governed by additive presence. 
Testing with the 1-L-cell advanced developments of a complete commercial process for 
aluminum deposition from ionic liquids. Pre- and post-treatment processes that mainly concerned 
the anode and cathode materials of this large scale cell resulted in a satisfactory atmospheric 
pretreatment. An inert atmosphere pretreatment process was not developed mainly due to 
difficulties in finding a rinse agent compatible with the inert etch and the electrolyte.  Also, in 
this 1-L-cell, difficulty was observed in generating a bath agitation that worked well. The 
common commercial method of aeration of inert gas was found to alter current density of the 
cathode. Design changes incorporating a larger distance between aerator and cathode could 
mitigate this. It appeared that the electrolyte life was good, although development of bath 
filtration would be necessary. Coatings produced in the large scale cell were partially “just below 
competitive.” The adhesion was comparable to the AlumiPlate coatings. However, when 
considering morphology the surfaces were not competitive. Dendrite formation on the self-
prepared samples was prevalent. Corrosion testing indicated that the AlumiPlate coating was 
superior, corrosion of the experimental samples corresponds to conclusions regarding surface 
structure.  
There are five key areas identified here where investigations could be made in future 
research and development. If these areas were investigated it could be possible to determine if 
there is a competitive aluminum coating process based on electrolytes with ionic liquids. 
However, as it currently stands, the commercial use of [EMIm]Cl based ionic liquids with AlCl3 
salt is not competitively viable when compared to other alternatives.  
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Appendix A: Notation and Abbreviations 
AC: alternating current 
AFM: atomic force microscopy 
Au: gold 
[BF4]: tetrafluoroborate 
[BMIm]: 1-butyl-3-methylimidazolium 
[BMPip]: 1-butyl-1-methylpiperidinium 
[BMPy]: 1-butyl-methylpyrolidinium  
Br-: bromide ion 
C: carbon  
Cl: chloride 
Cl-: chloride ion 
cP: centipose 
Cu: copper 
DC: direct current 
DEGMEE: diethylene glycol monoethyl ether 
e-: electron 
[EDS]: energy/electro dispersive x-ray spectroscopy  
[EMIm]: 1-ethyl-3-methylimidazolium  
EV31: magnesium Alloy EV31 
F: Faraday constant 
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F-: fluoride ion  
Fe: Iron  
HCl: hydrogen chloride, hydrochloric acid  
HF: hydrogen fluoride, hydrofluoric acid 
I: current 
IL: ionic liquid 
J: current density 
KF: Karl-Fischer 
keV: kilovolt  
M: molar 
m: mole 
mA: milliampere 
mL: milliliter 
mm: millimeter  
mS: millisiemens  
mV: millivolt 
MW: molecular weight 
n: equivalents per mole 
O: oxygen  
Na: sodium  
Ni: nickel  
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OCP: open circuit potential 
[PF6]: hexafluorophosphate 
ppm: parts per million  
PTFE: polytetrafluoroethylene  
psi: pounds per square inch 
Q: electrical charge 
rpm: revolutions per minute 
s: second  
Si: silicon  
SEM: scanning electron microscopy 
STM: scanning tunneling microscopy  
[TFSI]: bis(trifluoromethylsulfonyl)imide 
V: volt  
wi: mass production rate of species i 
µA: microampere 
µm: micrometer, micron  
i: current efficiency with respect to production of species i 
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Appendix B: Tables of Experimental Conditions and Results – Al 25-mL Testing Summary  
 
Aluminum Plating Experiment
Number 1 Al 2 Al 3 Al 4 Al 5 Al
Date 26-Apr-12 2-May-12 14-May-12 16-May-12 31-May-12
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[EMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[EMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[EMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[EMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
Electrolyte history Brand new 1Al 1-2Al 1-3Al 1-4Al
Plating temperature   oC 50+-2 50+5 50+-2 50+-2 80+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 3.1638 2.9253 2.9659 2.527 2.937
Start weight anode 1   g 1.6130 1.4632 1.4985 1.5076 1.6914
Start weight anode 2   g 1.6043 1.5334 1.2698 1.2694 1.4675
Plating time   sec 3600 3600 3600 7200 3600
Area of cathode   cm2 3.08 2.864 2.89 2.52 2.28
Current   mA -30.8 -28.64 -1.445 -12.6 -22.8
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -10.00 -10.00 -0.50 -5.00 -10.00
Plating remark 1
Cell voltage was 
jumpy the first 350 s. 
At 2250 s we switched 
to 1200 rpm -->
E versus t chart was 
lost. Looked nice and 
stable. 
Smooth from start
generally steady 
smooth cell voltage 
that slightly increased 
over time
Plating remark 2
Absolute cell voltage 
dropped 0.03V
E was between -0.8 
and -0.65 (see lab 
book). Plating started 
at 55 C. T was 51 C 
after 850 s.
cell voltage was 
around 163-165 in first 
500 sec
there was a dark layer 
on the anode that 
rinsed off during 
rinsing
Plating remark 3
End weight cathode   g 3.1356 2.9369 2.9663 2.5385 2.9452
End weight anode 1   g 1.6071 1.4590 1.4987 1.504 1.6867
End weight anode 2   g 1.5990 1.5273 1.2701 1.2657 1.4635
Weight gain (cathode)   g -0.0282 0.0116 0.0004 0.0115 0.0082
Weight loss (anodes)   g 0.0112 0.0103 -0.0005 0.0073 0.0087
How did the electrolyte appearance change? no change no change no change no change no change
How did the cathode look like?
dark and light stripes - 
after hot water dip,
darker
dark and light stripes
Dark along cracks. A 
very faint tint
darker regions (light 
brown)
??
How did the anode look like?
grey areas and shiny
areas
grey areas and shiny
areas
no change
darker in immsersed 
area
??
Cathodic current efficiency   % -272.84 120.70 82.49 135.99 107.17
Anodic current efficiency   % 108.36 107.17 -103.11 86.32 113.71
E vs. Time chart   #   see lab. book
Open circuit cell voltage     V -0.73 -0.60 -0.53 -0.66
Characteristic cell voltage level    V -0.69 app. -0.69 -0.18 -0.38 -0.4
Analysis of cathode surface in at. %
% C 13.9 12.5 21.0 15.0 13.8
% N 0.0 0.0 0.5 0.6 0.0
% O 3.3 3.6 29.7 9.2 9.8
% Cl 5.3 5.1 2.3 4.9 1.6
% Ni 3.7 0.4 0.7
%Cu
% Al 77.5 78.8 42.8 70.0 74.2
Analysis of anode surface in at. %
% C 5.1 10.7 31.7 15.2 16.3
% N 0.4 0.0 0.0 0.4 0.0
% O 14.0 2.5 17.1 5.0 6.3
% Cl 0.3 0.1 0.6 0.1 0.1
% Al 80.3 86.7 50.5 79.1 77.2
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Aluminum Plating Experiment
Number 6 Al 7 Al 8 Al 9 Al 10 Al
Date 4-Jun-12 6-Jun-12 7-Jun-12 7-Jun-12 8-Jun-12
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3 
with additives (IoLiTec)
[EMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[BMIm]Cl + 1.5 AlCl3 
with additives (IoLiTec)
[BMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[BMIm]Cl + 1.5
AlCl3 with
additives (IoLiTec)
Electrolyte history 1-5Al 1-6Al New 8Al 8-9Al
Plating temperature   oC 50+-2 80+-2 50+-2 50+-2 30+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 1.8541 2.361 2.5 1.7806 2.1982
Start weight anode 1   g 1.5967 1.3654 1.51 1.6967 1.357
Start weight anode 2   g 1.266 1.2378 1.7032 1.6016 1.5788
Plating time   sec 3600 1800 7200 3600 3600
Area of cathode   cm2 2.3745 2.5871 2.60112 2.3302 2.4465
Current   mA -35.618 -51.742 -13.0056 -23.302 -24.465
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -15.00 -20.00 -5.00 -10.00 -10.00
Plating remark 1
powder from carbon 
brush possibly fell 
into the solution
carbon brush 
material fell into 
solution
Plating remark 2
Plating remark 3
End weight cathode   g 1.8644 2.3698 2.5111 1.789 2.2082
End weight anode 1   g 1.5914 1.3586 1.5154 1.6916 1.3553
End weight anode 2   g 1.2611 1.2346 1.6959 1.5996 1.5729
Weight gain (cathode)   g 0.0103 0.0088 0.0111 0.0084 0.0100
Weight loss (anodes)   g 0.0102 0.0100 0.0019 0.0071 0.0076
How did the electrolyte appearance change? no change no change no change no change no change
How did the cathode look like? light brown light brown, black areassilver off-white, light browndarker to varying degrees similar to 9Al
How did the anode look like?
powder like material
covering parts
powdery areas,
white areas and 
either shiny or dark
areas. Powder layer 
shiny, etched not very etched,
uneven coloration
Cathodic current efficiency   % 86.17 101.36 127.17 107.42 121.81
Anodic current efficiency   % 85.34 115.19 21.77 90.80 92.57
E vs. Time chart   #   
Open circuit cell voltage     V -0.58 -0.37 -0.74 -0.67 -0.66
Characteristic cell voltage level    V -0.7 -0.6 -0.6 -0.78 -1.21
Analysis of cathode surface in at. %
% C 7.9 9.3 15.8 24.6 12.7
% N 0.0 0.0 0.0 0.0 0.0
% O 4.1 3.1 3.5 3.5 4.2
% Cl 4.8 3.3 5.2 4.4 5.0
% Ni 0.4 0.5 0.3 0.3 0.3
%Cu
% Al 82.8 83.7 75.3 67.2 77.7
Analysis of anode surface in at. %
% C 32.9 1.3 0.4 9.8 4.0
% N 0.0 0.0 0.0 0.0 0.0
% O 18.2 3.7 0.7 1.7 3.7
% Cl 0.2 0.0 0.1 0.1 0.1
% Al 48.7 94.9 98.7 88.3 92.1
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Aluminum Plating Experiment
Number 11 Al 12 Al 13 Al 14 Al 15 Al
Date 6/11/2012 6/13/2012 6/14/2012 6/15/2012 6/19/2012
Electrolyte composition
[BMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[BMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[BMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[BMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
Electrolyte history 8-10Al 8-11Al 8-12Al 8-13Al Fresh electrolyte
Plating temperature   oC 30+-2 80+-2 50+-2 80 +-2 50+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 1.9839 2.3152 2.1268 2.5601 2.4565
Start weight anode 1   g 1.693 1.2341 1.5266 1.4276 1.2974
Start weight anode 2   g 1.5117 1.14 1.6826 1.6106 1.5012
Plating time   sec 3600 3600 2300 1800 7200
Area of cathode   cm2 2.215584 2.5645 2.351232 2.7543 2.60547
Current   mA -22.1558 -25.645 -35.268 -55.086 -13.027
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -10.00 -10.00 -15.00 -20.00 -5.00
Plating remark 1
powder from carbon 
brushes into solution
temp spiked at 250 
seconds then dropped 
back down
HCl degreasing
Plating remark 2
some solid in the 
electrolyte, likely from 
the carbon brushes
temp rose again then 
fell in between 750-
2000 seconds - the 
stirrer was offset and 
shook the
Plating remark 3
 cathode a lot (in big 
circles)
End weight cathode   g 1.9923 2.325 2.1367 2.5643 2.4603
End weight anode 1   g 1.6879 1.228 1.5214 1.4215 1.2905
End weight anode 2   g 1.5076 1.1362 1.6821 1.6054 1.4955
Weight gain (cathode)   g 0.0084 0.0098 0.0099 0.0042 0.0038
Weight loss (anodes)   g 0.0092 0.0099 0.0057 0.0113 0.0126
How did the electrolyte appearance change? darker no change no change no change no change
How did the cathode look like? silvery silver silver, dark powder
How did the anode look like?
slightly etched etched etched, powder etched, powdery
Cathodic current efficiency   % 112.98 113.88 130.93 45.44 43.46
Anodic current efficiency   % 123.74 115.04 75.38 122.26 144.12
E vs. Time chart   #   
Open circuit cell voltage     V -0.76 -0.73 -0.47 -0.70 -0.90
Characteristic cell voltage level    V -1.1 -0.6 -1.05 -0.98
Analysis of cathode surface in at. %
% C 15.8 13.2 19.1 21.6
% N 0.0 0.0 0.0 0.0 1.1
% O 2.3 4.3 2.9 12.6 19.4
% Cl 5.5 4.3 4.9 3.5 0.3
% Ni 0.7 0.7 0.4 0.3 0.6
%Cu
% Al 75.7 77.6 72.7 61.9 78.6
Analysis of anode surface in at. %
% C 1.3 0.0 4.3 0.0 5.8
% N 0.0 0.0 0.0 0.0 0.0
% O 1.3 0.9 3.3 1.1 2.2
% Cl 0.1 0.1 0.0 0.1 0.0
% Al 97.3 98.9 92.2 98.7 92.0
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Aluminum Plating Experiment
Number 16 Al 17 Al 18 Al 19 Al
Date 6/28/2012 7/2/2012 6-Jul-12 10-Jul-12
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
[EMIm]Cl + 1.5 AlCl3 with
additives (IoLiTec)
Electrolyte history 15Al 15-16Al 15-17Al 1-7Al
Plating temperature   oC 90+-2 902+-2 50+-2 50+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 2.7053 2.405 2.6508 2.8192
Start weight anode 1   g 0.8731 1.2453 1.5982 1.2239
Start weight anode 2   g 1.29 1.4395 1.4448 0.857
Plating time   sec 900 900 1800 9000
Area of cathode   cm2 3.053628 2.713 2.87063 2.73513
Current   mA -42.6258 -108.5216 -57.412606 -41.027
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -13.96 -40.00 -20.00 -15.00
Plating remark 1
Data for experiment 
was measured and 
input incorrectly
Basionics degreasing 
procedure
HCl degreasing HCl degreasing 
Plating remark 2
Anode broke apart 
either during plating 
set up or during 
experiment. 
Anode was dark, washed 
off
Plating remark 3
Copper lost in 
solution while 
heating?
End weight cathode   g 2.7003 2.4124 2.6602 2.8585
End weight anode 1   g 0.8655 1.2393 1.5438 1.2096
End weight anode 2   g 1.2694 1.4327 1.439 0.8354
Weight gain (cathode)   g -0.0050 0.0074 0.0094 0.0393
Weight loss (anodes)   g 0.0282 0.0128 0.0602 0.0359
How did the electrolyte appearance change? no change no change no change no change
How did the cathode look like?
dark material covering 
surface. Rinsed off
yellow-silver
How did the anode look like?
dark material covering 
surface. Rinsed off. 
dark, washed off- very etched
Cathodic current efficiency   % -139.82 81.28 97.58 114.18
Anodic current efficiency   % 788.59 140.59 624.93 104.30
E vs. Time chart   #   
Open circuit cell voltage     V -0.53 0.06 -0.56 0.01
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C
% N 0.0 0.4 0.0 0.0
% O 8.7 14.9 5.0 8.2
% Cl 0.0 0.1 0.1 5.6
% Ni n/a n/a
%Cu 2.9 0.8 0.9 0.3
% Al 88.2 83.8 94.0 85.8
Analysis of anode surface in at. %
% C 9.0 10.0 5.8 2.9
% N 0.0 0.0 0.0 0.0
% O 15.7 1.5 0.3 0.9
% Cl 0.1 0.1 0.0 0.1
% Al 75.1 87.3 93.0 96.0
Analysis of crystals in electrolyte
% C 14.0
% N 0.0
% O 22.1
% Cl 0.3
% Al 17.4
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Aluminum Plating Experiment
Number 20 Al 21 Al 22 Al 23 Al
Date 11-Jul-12 12-Jul-12 12-Jul-12 13-Jul-12
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
[EMIm]Cl + 1.5 AlCl3 (Basionics 
Al-02)
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
Electrolyte history 15-18Al 15-18Al, 20Al 15-18Al, 20-21Al 15-18Al, 20-22Al
Plating temperature   oC 90 +-2 50+- 2 50 +-2 50 +-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 2.1378 2.2715 2.7593 2.9789
Start weight anode 1   g 1.5858 0.8128 1.4229 1.2509
Start weight anode 2   g 0.8329 1.2016 1.6826 0.8024
Plating time   sec 900 900 900 3600
Area of cathode   cm2 2.59558 2.59440575 2.633547 2.684176
Current   mA -103.82 -103.776 -105.34 -26.8417676
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -40.00 -40.00 -40.00 -10.00
Plating remark 1 No acid treatment No acid treatment No acid treatment No acid treatment
Plating remark 2 started at 94
o
C
Sharp spike in cell voltage 
versus time chart
Plating remark 3
Possibly copper shot in 
electorlyte
End weight cathode   g 2.1542 2.2821 2.767 2.988
End weight anode 1   g 1.6 0.8094 1.4184 1.2464
End weight anode 2   g 0.8 1.1968 1.6778 0.8065
Weight gain (cathode)   g 0.0164 0.0106 0.0077 0.0091
Weight loss (anodes)   g 0.0200 0.0082 0.0093 0.0004
How did the electrolyte appearance change? no change no change silt on bottom silt on bottom
How did the cathode look like?
dull silver appearance, 
not shiny
silvery, splotchy silvery, splotchy silvery, dull appearance
How did the anode look like? dark, washed off dark, washed off dark, washed off dark, washed off
Cathodic current efficiency   % 188.29 121.75 87.13 101.03
Anodic current efficiency   % 229.63 94.19 105.24 4.44
E vs. Time chart   #   
Open circuit cell voltage     V -0.57 0.01 -0.61 -0.52
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C
% N 0.0 0.6 0.6 2.6
% O 5.6 24.6 9.8 46.5
% Cl 0.1 1.3 1.0 0.9
% Ni
%Cu 1.0 0.7 1.3 0.6
% Al 93.4 72.8 87.3 49.5
Analysis of anode surface in at. %
% C 4.3 7.5 33.1 26.7
% N 0.0 0.0 0.0 1.0
% O 1.3 1.5 6.4 28.3
% Cl 0.0 0.1 0.4 0.9
% Al 94.3 91.0 60.2 42.9
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Aluminum Plating Experiment
Number 24 Al 25 Al 26 Al 27 Al 28 Al 29 Al
Date 18-Jul-12 18-Jul-12 23-Jul-12 25-Jul-12 26-Jul-12 27-Jul-12
Electrolyte composition
[EMIm]Cl + AlCl3 (1:1.1 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.1 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.1 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.1 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.1 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.1 M
ratio) (from
tetrachloroaluminate)
Electrolyte history fresh 24Al 24-25Al 24-26Al 24-27Al 24-28Al
Plating temperature   oC 50+- 3 50 +-2 50 +-2 50+-2 50 +-2 50 +-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 2.2748 2.0847 2.871 2.7764 2.703 2.3627
Start weight anode 1   g 1.3321 0.9003 1.4907 1.3138 0.8471 1.2256
Start weight anode 2   g 0.7261 1.3581 0.857 1.345 1.3257 1.677
Plating time   sec 7200 3600 3600 3600 3600 8100
Area of cathode   cm2 2.842198 2.468349 3.01749 2.9556 3.0709 3.027875
Current   mA -14.21099 -24.683 -30.1749 -29.556 -122.836 -121.115
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -5.00 -10.00 -10.00 -10.00 -40.00 -40.00
Plating remark 1 No acid pretreatmnet No acid pretreatment
No acid pretreatment. Chunks 
from the carbon filaments fell 
into solution. 
No acid pretreatment. 
Intersting colors on cathode
No acid pretreatment. 
No acid pretreatment. 
Intersting colors on cathode. 
The green on the ends, and 
grey randomly in a few 
places. 
Plating remark 2
Frosty white plated layer on 
the cathode
No visual plated layer. 
Chunks from carbon filaments 
fell into solution. 
The cathode consisted of two 
regions. A thin black curst and 
area where no deposition 
occurred when viewed on the 
SEM. 
Cathode had a region on 
surface that was green in 
color as well as a bit of a gray 
crust. 
Lots of dark material on 
anode that washed off with 
rinsing
Dark material is present again 
on anodes in notable amount, 
washes off
Plating remark 3
Included carbon in analysis 
because of unexpected 
plating result/white frosty 
surface. 
Anode was covered in a crust. 
EDS analysis listed is from a 
region containing both black 
and undeposited areas. 
Carbon included because of 
interesting surface. 
EDS analysis of cathode 
comes from the grey crust. 
Analysis is of the grey crust. 
This crust is flaking off.  The 
anlaysis contains both 
underlying substrate and the 
grey crust. 
End weight cathode   g 2.2836 2.0849 2.8713 2.7823 2.7036 2.3628
End weight anode 1   g 1.3289 0.8966 No recorded value 1.3088 0.8468 1.1812
End weight anode 2   g 0.7177 1.3552 No recorded value 1.3403 1.3214 1.6369
Weight gain (cathode)   g 0.0088 0.0002 0.0003 0.0059 0.0006 0.0001
Weight loss (anodes)   g 0.0116 0.0066 #VALUE! 0.0097 0.0046 0.0845
How did the electrolyte appearance change? no change no change no change little bit darker much darker no change
How did the cathode look like? frosty white looks like copper looks like copper looks like copper discolored looks like copper
How did the anode look like? dark, washed off No visual change No visual change slight etching dark material on anode, no apparent etchingdark material on anodes
Cathodic current efficiency   % 92.27 2.41 2.96 59.49 1.46 0.11
Anodic current efficiency   % 121.62 79.68 #VALUE! 97.80 11.16 92.40
E vs. Time chart   #   
Open circuit cell voltage     V -0.68 -0.61 -0.59 -0.69 -0.68 -0.54
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C 12.4 21.8 10.0 35.0 19.1
% N 2.0 0.0 0.2 0.2 0.0 1.0
% O 45.3 44.4 42.5 33.2 14.1 43.2
% Cl 0.6 3.0 1.2 0.8 1.6 7.9
% Ni
%Cu 0.7 38.3 14.7 4.8 48.0 0.3
% Al 38.975. 13.5 19.7 50.9 1.3 16.5
Analysis of anode surface in at. %
% C 8.3 6.0 13.6 8.2 11.7 7.6
% N 2.7 3.0 2.8 1.4 0.0 0.1
% O 61.9 62.4 56.2 36.7 7.6 8.6
% Cl 0.7 0.4 2.2 0.9 0.3 0.2
% Al 26.4 28.1 25.1 52.8 80.3 83.3
These experiments were incorrectly mixed to a 1:1.1 M Ratio. They should be lewis basic and in accordance with literature produce little to no aluminum deposition. 
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Aluminum Plating Experiment
Number 30 Al 31 Al 32 Al 33 Al 34 Al 35 Al
Date 30-Jul-12 31-Jul-12 1-Aug-12 1-Aug-12 8-Aug-12 9-Aug-12
Electrolyte composition
[BMIm]Cl + 1.5 AlCl3 with
additives (IoLiTec)
[BMIm]Cl + 1.5 AlCl3 with
additives (IoLiTec)
[EMIm]Cl + AlCl3 (1:1.5 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.5 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.5 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.5 M
ratio) (from
tetrachloroaluminate)
Electrolyte history 11-14Al 11-14Al, 30Al Fresh 32Al 32-33Al 32-34Al
Plating temperature   oC 50+-3 50 +-2 30+-2 30+-2 50+-2 50+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600rpm 5=600 rpm
Start weight cathode   g 3.2036 2.1149 3.051 3.0838 2.2769 2.7783
Start weight anode 1   g 0.455 0.8007 0.7824 1.5737 1.3967 1.3578
Start weight anode 2   g 0.4906 0.556 1.3673 0.7288 0.9292 0.6629
Plating time   sec 3600 32400 3600 3600 3600 1800
Area of cathode   cm2 3.25282 2.68488 3.20442 3.3913 2.69737 3.094
Current   mA -32.5282 -26.8488 -32.088 -67.82698 -26.9737 -64.873
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -10.00 -10.00 -10.01 -20.00 -10.00 -20.97
Plating remark 1 Plated layer visible 
very nice looking layer, best 
up to this point!
Cathode was very frosty 
white when first pulled out 
fo the electrolyte, dulled 
after rinsing with DEGMME
shiney appearance to the 
cathode 
Anode broke after test and 
stick was lost.  Weight 
estimated from other anode
Plating remark 2
Not as much dark material 
present on anodes
anode surface SEM picture 
shows interesting structure
Dark and light areas to 
cathode. Light contained 
near 90% aluminum, dark 
was near 69% aluminum. 
Regions on cathode surface 
of low aluminum around 
79% and regions of high 
aluminum (95%). Mostly it 
was high, the low occurred 
at what appear to be 
nodules on whichnodules 
are growing. 
Anodes loose when put into 
cell
Plating remark 3
Anode covered in a crust. 
The curst contained 6.6% 
sodium. Likely a reuslt of 
some post-experimental 
enviroment. 
End weight cathode   g 3.2205 2.2069 3.0712 3.0945 2.2868 2.7885
End weight anode 1   g 0.45 0.7566 0.7713 1.567 1.3925
End weight anode 2   g 0.484 0.5183 1.3598 0.7233 0.926 0.06575
Weight gain (cathode)   g 0.0169 0.0920 0.0202 0.0107 0.0099 0.0102
Weight loss (anodes)   g 0.0116 0.0818 0.0186 0.0122 0.0074 1.9550
How did the electrolyte appearance change? no change no change no change no change no change no change
How did the cathode look like? silvery silvery, shiny silvery, dull, frosty white silver, semi-gloss look dull silver dull silver
How did the anode look like? dark covering that rinses off, etchedvery etched, dark material etched, a little dark material etched, a little dark material etched etched
Cathodic current efficiency   % 154.82 113.46 187.60 47.01 109.37 93.71
Anodic current efficiency   % 106.27 100.88 172.74 53.60 81.75 17960.36
E vs. Time chart   #   
Open circuit cell voltage     V -0.57 -0.58 -0.63 -0.63 -0.64 -0.61
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C
% N 0.6 0.0 1.0 0.0 0.4 0.7
% O 11.5 3.2 13.2 7.5 13.0 17.7
% Cl 5.6 5.7 0.0 0.1 0.6 0.4
% Ni
%Cu 0.7 0.2 0.1 0.5 0.5 0.5
% Al 81.7 91.0 84.6 91.9 85.2 80.6
Analysis of anode surface in at. %
% C 3.6 5.2 2.2
% N 0.0 0.0 0.0 0.0 3.2 0.1
% O 1.8 7.6 4.7 7.5 64.2 1.3
% Cl 0.0 0.7 0.0 0.1 0.5 0.1
Na = 6.632
% Al 94.4 86.5 93.0 91.9 25.7 98.5
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Aluminum Plating Experiment
Number 36 Al 37 Al 38 Al 39 Al 40 Al
Date 10-Aug-12 11-Aug-12 24-Aug-12 27-Aug-12 29-Aug-12
Electrolyte composition
[EMIm]Cl + AlCl3 (1:1.5 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + AlCl3 (1:1.5 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
Electrolyte history 32-35Al 32-36Al Fresh 38Al 38-39Al
Plating temperature   oC 90+-2 90+-2 30+-2 30+-2 50+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 2.7842 3.4407 2.5145 2.2947 2.8969
Start weight anode 1   g 0.5116 0.6537 0.6433 1.3142 1.5999
Start weight anode 2   g 1.1668 0.704 1.128 0.6227 1.3346
Plating time   sec 3600 1800 3600 1800 3600
Area of cathode   cm2 3.1 3.56256 2.65986 2.6628 3.32833
Current   mA -31 -71.25 -26.5986 -53.256279 -33.283289
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -10.00 -20.00 -10.00 -20.00 -10.00
Plating remark 1
Very many nodules on 
cathode. Tips of nodules 
show higher oxygen 
content. 
Anodes constructed a few 
differnet regions. Some pits 
showed 95% aluminum, 
other non pit areas showed 
79% aluminum. 
Very low drop in the cell 
voltage, but leveled off at 
expected
White then turned dark Very dark layer
Plating remark 2
Difficult to get the 
temperature right
Difficult getting temp right
Cathode displayed two 
distinct surface 
characteristics. Small 
nodules and large nodules. 
anodes dark material anode dark material
Plating remark 3
Very many nodules on 
cathode. Top of nodules 
show higher oxygen, the 
vallleys show higher 
aluminum 
Dark material analysis given 
in crystals section below
Hairlike deposited surface
End weight cathode   g 2.7951 3.4529 2.5231 2.3041 2.908
End weight anode 1   g 0.5084 0.6485 0.6769 1.3085 1.5954
End weight anode 2   g 1.1602 0.6992 1.1255 0.62 1.3314
Weight gain (cathode)   g 0.0109 0.0122 0.0086 0.0094 0.0111
Weight loss (anodes)   g 0.0098 0.0100 -0.0311 0.0084 0.0077
How did the electrolyte appearance change? no change no change no change no change slightly darker
How did the cathode look like? Dull dark silver dull silver dull dark silver White then turned dark silver dull, dark silver
How did the anode look like? etched dark, etched etched, dark etched dark etched, dull
Cathodic current efficiency   % 104.78 102.05 96.35 105.20 99.39
Anodic current efficiency   % 94.21 83.65 -348.43 94.01 68.94
E vs. Time chart   #   
Open circuit cell voltage     V -0.60 -0.63 -0.61 -0.57 -0.63
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C
% N 3.2 3.1 1.0 3.0 0.0
% O 62.2 61.2 17.4 28.8 3.2
% Cl 0.6 0.3 0.0 1.4 0.3
% Ni
%Cu 0.5 0.4 0.9 0.4 1.0
% Al 33.5 34.9 80.3 66.8 95.4
Analysis of anode surface in at. %
% C
% N 0.0 0.3 6.0 0.3 1.9
% O 3.1 20.9 58.8 13.3 40.9
% Cl 0.0 0.5 0.1 0.2 0.6
Si = 14.233
% Al 96.8 77.9 29.9 74.0 56.7
Analysis of crystals in electrolyte
% C
% N
% O 45.1
% Cl 2.0
Si=5.314
% Al 45.2
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Aluminum Plating Experiment
Number 41 Al 42 43 44 45
Date 29-Aug-12 8/31/2012 8/31/2012 9/5/2012 9/6/2012
Electrolyte composition
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
Electrolyte history 38-40Al 38-41Al 38-42Al 38-43Al 38-44Al
Plating temperature   oC 50+-2 30+-2 50+-2 90+-2 90+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm 5=600 rpm
Start weight cathode   g 1.8344 2.2464 1.6278 1.5452 1.3548
Start weight anode 1   g 1.0565 1.4047 0.9633 1.1802 0.8629
Start weight anode 2   g 0.9022 1.4351 0.8481 1.2272 0.8596
Plating time   sec 1800 900 1800 3600 1800
Area of cathode   cm2 2.389181 2.63076 2.545 2.405216 2.2870795
Current   mA -47.78362 -105.23078 -101.7876 -24.05216 -45.74159
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -20.00 -40.00 -40.00 -10.00 -20.00
Plating remark 1
Electrolyte perhaps a tinge 
darker after plating
very silvery when first 
removed. This silvery layer 
appeared to wash off when 
rinsing. Yielded a copper 
toned surface. 
Anodes had dark material. 
Rinsed off one anode, left 
on other
Cathode was white but 
turned dark when rinsed in 
DEGMEE
Cathode was whitish when it 
came out of electrolyte and 
turned dull silver when 
rinsed in DEGMEE
Plating remark 2
Anodes fell apart when 
taken out
anodes have dark black 
spots where welder touched 
surface but rinsed off with 
ethanold/acetone
anodes were dark Anodes were dark
Plating remark 3
Analysis showed that the 
nodules contained less 
aluminum (29%) and more 
oxygen (67%)
Cathode surface was 
uniform. 
End weight cathode   g 1.8428 2.246 1.6457 1.5532 1.3624
End weight anode 1   g 1.0523 1.4019 0.9573 1.1765 0.8592
End weight anode 2   g 0.8995 1.4314 0.8562 1.2236 0.8561
Weight gain (cathode)   g 0.0084 -0.0004 0.0179 0.008 0.0076
Weight loss (anodes)   g 0.0069 0.0065 -0.0021 0.0073 0.0072
How did the electrolyte appearance change? Tinge darker no change no change no change no change
How did the cathode look like? dull, white silver silver dull silver dull silver dull silver
How did the anode look like? dark material, etched, porous, uniformcovered in dark material etched dark material etched and dark etched, dark material
Cathodic current efficiency   % 104.78 -4.53 104.82 99.12 99.03
Anodic current efficiency   % 86.07 73.63 -12.30 90.45 93.82
E vs. Time chart   #   
Open circuit cell voltage     V -0.61 -0.59 -0.59 -0.60 -0.60
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C
% N 0.0 1.0 1.0 3.2 0.0
% O 6.4 46.6 20.3 45.5 3.3
% Cl 0.4 0.9 1.4 1.5 0.2
% Ni
%Cu 0.8 25.1 0.5 0.6 0.6
% Al 92.4 26.4 76.8 49.1 95.8
Analysis of anode surface in at. %
% C
% N 0.3 0.0 0.5 0.0 0.3
% O 16.4 4.6 52.7 9.4 8.9
% Cl 0.3 0.3 5.2 0.2 0.4
% Al 82.9 95.0 37.7 90.4 90.3
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Aluminum Plating Experiment
Number 46 47 48 49 50
Date 9/7/2012 9/10/2012 9/17/2012 9/19/2012 9/24/2012
Electrolyte composition
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl   +   AlCl3   (1:1.5   M   
ratio)   from "old"
[EMIm]Cl + AlCl3 (1:1.5 M
ratio) (from
tetrachloroaluminate)
[EMIm]Cl + 1.5 AlCl3  (Basionics 
Al-02)
[EMIm]Cl + 1.5 AlCl3 with
additives (IoLiTec)
Electrolyte history 38-45Al 38-46Al 32-37Al 15-18, 20-23Al Fresh
Plating temperature   oC 90+-2 90+-2 50 +-2 50+-2 50+-2
Stirrer setting   1-10 5=600 rpm 5=600 rpm 5= 600 rpm 5= 600 rpm 5= 600 rpm
Start weight cathode   g 1.6479 1.9113 2.3173 1.8802 1.9346
Start weight anode 1   g 0.61 0.9512 0.7882 0.8232 1.8
Start weight anode 2   g 0.4476 1.2173 0.8988 1.1208 0.763
Plating time   sec 1800 32400 24300 24300 24300
Area of cathode   cm2 2.92255 2.591085 2.92168 2.736201538 2.547668
Current   mA -116.96 -103.6434036 -58.4336 -54.72403075 -50.955376
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -40.02 -40.00 -20.00 -20.00 -20.00
Plating remark 1
No DEGMEE rinse, only 
rinsed with ethanol and 
acetone
Flakes in electrolyte from 
parafilm to prevent carbon 
stir residue to fall in. 
Parafilm melted and maybe 
fell in.
Cathode showed dendritic 
growth. Cornice formation at 
cathode ends. 
Cathode showed dendritic 
growth. 
Cathode did not show 
dendritic growht. The surface 
was smoother and shinier. 
Plating remark 2
dark spot on anode where 
welder touched it. Cathode 
contained a few places 
where  a cracked surface 
feature contained oxygen 
(56%)
anodes had a thick black 
layer but great etching 
otherwise, cathode was very 
rough covered in large 
crystals as dendritic 
columnar structure 
Anodes thickly covered in dark 
material coating. In air the 
surface was reacting, 
bubbling. Once treated with 
acetone/ethanol it readily 
turned black and rinsed off 
Anodes thickly covered in dark 
material coating. It readily 
rinsed off. No bubbling this 
time. 
Anodes had some dark 
material. Not as much as 48Al 
or 49Al
Plating remark 3
Cathode very smooth with 
only small nodules of the 
surface. 95% aluminum at 
cathode end! Higher current 
density likely at this point. 
no DEGMEE rinse. Crystals on 
the cathode conatined 
aluminum upwards of 95-
97%!
Cathodes and anodes sat in 
heated, stirring electrolyte for 
a little over 12 hours after 
plating was finished. 
End weight cathode   g 1.6771 2.1645 2.4577 0.9963 2.0672
End weight anode 1   g 0.5998 1.0432 0.7199 0.7586 1.7322
End weight anode 2   g 0.4436 0.8104 0.8397 1.0499 0.7084
Weight gain (cathode)   g 0.0292 0.2532 0.1404 -0.8839 0.1326
Weight loss (anodes)   g 0.0142 0.3149 0.1274 0.1355 0.1224
How did the electrolyte appearance change? no change flakes from parafilm possible No change No change No Change
How did the cathode look like? Smooth, dull silver Very rough and silver
Columnar dendritic silver 
growth
Dendritic silver growth
Silver, smoother, shiny layer
How did the anode look like? Bumpy texture (less at top), dark material great etching
Etched, but thick layer dark 
material
Etched, but thick layer dark 
mateiral 
Etched, dark material
Cathodic current efficiency   % 148.80 80.89 106.08 -713.11 114.89
Anodic current efficiency   % 72.36 100.61 96.26 109.32 106.05
E vs. Time chart   #   
Open circuit cell voltage     V -0.60 -0.61 -0.58 -0.65 -0.58
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C
% N 0.0 0.0 1.8 0.0 0.0
% O 9.5 2.2 25.0 4.8 3.4
% Cl 0.7 0.2 3.6 0.4 5.7
% Ni
%Cu 0.4 0.2 0.2 0.2 0.1
% Al 89.3 97.4 69.7 94.6 91.0
Analysis of anode surface in at. %
% C
% N 1.0 0.0 0.0 0.0 0.0
% O 24.9 1.4 2.8 1.6 0.3
% Cl 1.2 0.2 0.5 0.2 0.0
% Al 72.0 98.4 96.7 98.3 99.6
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Aluminum Plating Experiment
Number 51 52 53 54 55
Date 9/26/2012 10/1/2012 10/17/2012 10/18/2012 11/19/2012
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3 
with additives (IoLiTec)
[BMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[BMIm]Cl + 1.5 AlCl3 
with additives
(IoLiTec)
[EMIm]Cl + 1.5 AlCl3  
(Basionics Al-02)
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)   
from "old"
Electrolyte history 50Al Fresh 52Al
Plating temperature   oC 50+-2 50+-2 30+-2 30+-2 30+-2
Stirrer setting   1-10 5= 600 rpm 5= 600 rpm 5= 600 rpm 5= 600 rpm 5= 600 rpm
Start weight cathode   g 2.6627 2.3791 2.0093 2.541 0.7687
Start weight anode 1   g 0.8011 1.0866 0.792 0.5641 0.4679
Start weight anode 2   g 1.2068 0.5832 1.0034 0.5033 0.4551
Plating time   sec 24300 24300 900 900 3600
Area of cathode   cm2 3.05549165 2.608489 2.309296795 2.75967866 3.25
Current   mA -61.10988331 -52.16979 -92.3718718 -110.3871464 -32.5
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -20.00 -20.00 -40.00 -40.00 -10.00
Plating remark 1 Very shiny smooth layer Shiny smooth layer No plating visible
Cathode was very 
black
Black powder on 
cathode that rinses 
off in loose 
quantities. 
Plating remark 2
Anodes covered in little 
dark material 
Anodes etched and 
little to no dark 
materal
Very Strange looking 
graph
High Cell Voltage
Black color appeared 
upon rinsing.  
Plating remark 3
very very brittle layer. 
Came off to the touch in 
chunks. Carbon Tape 
with SEM pulled off 
chunks of layer.
Very flaky layer
End weight cathode   g 2.8223 2.4979 2.0097 2.5461 0.7959
End weight anode 1   g 0.7153 1.0163 0.7912 0.5595 0.4611
End weight anode 2   g 1.1519 0.529 1.0008 0.4997 0.4508
Weight gain (cathode)   g 0.1596 0.1188 0.0004 0.0051 0.0272
Weight loss (anodes)   g 0.1407 0.1245 0.0034 0.0082 0.0111
How did the electrolyte appearance change? No change No Change No Change No Change No Change
How did the cathode look like?
silver, smooth, shiny 
layer
silver, smooth shiny 
layer 
No visible layer Silver with black layer
How did the anode look like?
Etched, little dark 
material
etched, little to no 
dark material 
Cathodic current efficiency   % 115.31 100.54 5.16 55.07 249.42
Anodic current efficiency   % 101.65 105.36 43.88 88.55 101.78
E vs. Time chart   #   
Open circuit cell voltage     V -0.12 -0.5877 0.0246 0.058
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C 0 32.24
% N 0.0 0.2 0.44
% O 3.6 7.0 35.9 24.8
% Cl 4.4 6.0 0.73 0.9
% Ni
%Cu 0.2 0.1 26
5.7% Mg, 0.1 % Zn
% Al 91.8 86.7 no data 35.9 36
Analysis of anode surface in at. %
% C 12.397
% N 2.4 0.0 0 2.1
% O 54.0 0.2 0.514 53
% Cl 1.5 0.1 0.025 0.9
14% sodium, 1 % Si 12.4% Na
% Al 27.0 99.7 no data 99.4 19
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Aluminum Plating Experiment
Number 56 57 58 59 60
Date 11/30/2012 12/5/2012 12/14/2012 12/14/2012 1/11/2013
Electrolyte composition
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)   
from "old"
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)   
from "old"
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)   
from "old"
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)   
from "old"
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)  
Homemade
Electrolyte history 55Al 55-56Al 55-57Al 55-58Al 55-59Al
Plating temperature   oC 30+-2 30+-2 30+-2 30+-2 30+-2
Stirrer setting   1-10 5= 600 rpm 5= 600 rpm 5= 600 rpm 5= 600 rpm 5= 600 rpm
Start weight cathode   g 0.9727 0.6605 0.6229 0.892 0.5479
Start weight anode 1   g 1.422 1.0471 0.8279 0.5012 1.2495
Start weight anode 2   g 0.4975 1.1691 0.9951 0.744 1.174
Plating time   sec 3600 3600 3600 3600 3600
Area of cathode   cm2 4.191396 3.00792 2.801534 3.971702 2.643078
Current   mA -41.91396 -30.0792 -28.01534 -39.71702 -26.43078
Electrolyte wet electrodes ground in glove box? no=degreased no=degreased no=degreased no=degreased no=degreased
Current density   mA/cm2 -10.00 -10.00 -10.00 -10.00 -10.00
Plating remark 1
Preplating: +1 Volt 
for 180 seconds
Preplating current of -
0.5 mA/cm2 for 180 
seconds
Preplating current of 
-1.0 mA/cm2 for 240 
seconds
Preplating current of 
-1.0mA/cm2 for 240 
seconds
Preplate currnet 
density of -10 
mA/cm2 for 240 
seconds
Plating remark 2
Weight loss is 
strange on cathode
Plating remark 3 Mg Plating onto Mg. Mg Plating onto Mg. Mg Plating onto Mg. Mg Plating onto Mg. Mg Plating onto Mg.
End weight cathode   g 0.9852 0.6716 0.6186 0.9063 0.5572
End weight anode 1   g 1.4123 1.0421 0.8254 0.5004 1.2517
End weight anode 2   g 0.493 1.1658 0.9931 0.7422 1.1688
Weight gain (cathode)   g 0.0125 0.0111 -0.0043 0.0143 0.0093
Weight loss (anodes)   g 0.0142 0.0083 0.0045 0.0026 0.003
How did the electrolyte appearance change? No Change No Change No Change No Change No Change
How did the cathode look like? Silver Silver layer Silver white but turned silver
How did the anode look like?
Dark material 
removed when 
Dark material 
removed when 
dark
Cathodic current efficiency   % 88.88 109.98 -45.74 107.30 104.86
Anodic current efficiency   % 100.96 82.23 47.87 19.51 33.83
E vs. Time chart   #   
Open circuit cell voltage     V 0.0614 0.0119 -0.002 0.0082 0.0082
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C
% N 0.55 0.3 0.2 0.12
% O 7.4 11.4 1.4 1.4 10.9
% Cl 1.6 0.34 0.196 0.32 1.3
% Ni
%Cu
1.8% Mg 3.6 % Mg .89 % Mg 0.85% Mg 3 % Mg
% Al 88.7 84.269 97.3 97.3 84.7
Analysis of anode surface in at. %
% C
% N 0.7 0.303 2.1
% O 9.6 13.3 6.5 2.756 20.18
% Cl 0.6 0.3 0.93 0.38 6.9
0.7 % Mg 1.18 % Mg 0.7 % Mg, 7.7% Si .82 % Mg 0.5 % Mg, 5.7 % Si
% Al 89 85.1 83.514 95.7 64.5
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Aluminum Plating Experiment
Number 61 62 63 64 65
Date 1/13/2013 1/18/2013 1/18/2013 1/28/2013 1/30/2013
Electrolyte composition
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)   
from "old"
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)  
Homemade
[EMIm]Cl   +   AlCl3   
(1:1.5   M   ratio)  
Homemade
[EMIm]Cl   +   
AlCl3   (1:1.5   M   
ratio)  
Homemade with 
Degmee
[EMIm]Cl   +   
AlCl3   (1:1.5   M   
ratio)  
Homemade 
with Degmee
Electrolyte history 55-60Al fresh 62Al fresh
Plating temperature   oC 30+-2 50+-2 50+-2 50+-2 50+-2
Stirrer setting   1-10 5= 600 rpm 5=600 5=600 5=600 5=600
Start weight cathode   g 0.7226 0.4868 0.6771 2.0186 2.0025
Start weight anode 1   g 0.815 0.6978 0.8005 1.623 1.6
Start weight anode 2   g 1.0346 0.7452 1.1628 0.6879 0.7816
Plating time   sec 3600 3600 3600 3600 3600
Area of cathode   cm2 3.815046 2.521384 3.42614 2.27268 2.226
Current   mA -38.15046 -25.21384 -34.2614 -22.7268 -22.2614
Electrolyte wet electrodes ground in glove box? no=degreased no=degreesed no=degreesed no=degreesed no=degreesed
Current density   mA/cm2 -10.00 -10.00 -10.00 -10.00 -10.00
Plating remark 1
Anodes were very 
dark but it 
disappeared with 
rinse
Cathode very dark 
didn't rinse away
No visible Layers 
on the cathode 
No visible layer 
on the cathode 
Plating remark 2
Preplate current 
density -20 mA/cm2 
for 240 seconds
preplate current 
curretnt density -
10mA/cm2 for 
240sec
preplate current 
curretnt density -
20mA/cm2 for 
210sec
Normal graph ?
Graph showed 
upand down 
starting point 
Plating remark 3 Mg Plating onto Mg. Mg Plating onto Mg. Mg Plating onto Mg.
anode slightly 
etched 
End weight cathode   g 0.7932 0.4925 0.6958 2.0152 2.0087
End weight anode 1   g 0.807 0.6952 0.7981 1.6098 1.5936
End weight anode 2   g 1.034 0.7415 1.1589 0.6709 0.7816
Weight gain (cathode)   g 0.0706 0.0057 0.0187 -0.0034 0.0062
Weight loss (anodes)   g 0.0086 0.0063 0.0063 0.0302 0.0064
How did the electrolyte appearance change? No Change Nochange Nochange Nochange Nochange 
How did the cathode look like? White/silver Dark Dark No layer darker 
How did the anode look like? etched etched etched slight etched shiney 
Cathodic current efficiency   % 551.50 67.37 162.66 -44.58 83.00
Anodic current efficiency   % 67.18 74.46 54.80 396.01 85.68
E vs. Time chart   #   
Open circuit cell voltage     V 0.0082
Characteristic cell voltage level    V
Analysis of cathode surface in at. %
% C 8.5
% N 0 3.1 2.1
% O 4.245 19.8 22.8 7.1
% Cl 0.77 0.65 0.85 0.64
% Ni
%Cu 3.32
1.2 % Mg 2.7% Mg 5.2% Mg
% Al 93.8 73.7 69 No data 80.4
Analysis of anode surface in at. %
% C 2.4
% N 2.88 0.8 0.16
% O 26.757 15.6 11.8 0.77
% Cl 0.5 2.5 0.7 0.08
.8 % Mg, 3.9 % Si, 3.6 % Na0.53 % Mg, 14.7% Si 0.51 % Mg, 8.2 % Si
% Al 61.5 65.8 78.6  no data 96.561
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Appendix C: Tables of Experimental Conditions and Results – 1-L Testing Summary 
 
Aluminum Plating Experiment
Number 1L-01Al 1L-02Al 1L-03Al 1L-04Al 1L-05Al
Date 4-Dec-12 7-Dec-12 14-Dec-12
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
Electrolyte history Brand new from 1L-01Al from 1L-02Al from 1L-03Al from 1L-04Al
Plating temperature   
o
C 38 to 50+-2 around 60 60+4 60 +-0.3 60 +2
Stirrer setting   1-10 Green aerator Green aerator Green aerator Aerator destroyed? Aerator destroyed?
Start weight cathode   g ? 26.1496 23.7189 26.9748 ?
Start weight anode 1   g ? ? 20.3116 20.2682 ?
Start weight anode 2   g ? ? 20.4766 20.451 ?
Plating time   sec 3600 3600 3600 3600 1800
Area of cathode   cm2 20.06 20.67 20.67 20.67 20.67
Current   mA -175 -200 -200 -200 -400
Pretreatment Not oxide free. SiC paper SiC paper 16h in cold electrolyte SiC paper in inert gas
Current density   mA/cm
2 -8.72 -9.68 -9.68 -9.68 -19.35
Plating remark 1
After 1200 sec. the 
temperature reached 
46 oC.
Estimated 3 mg were 
lost during SiC 
treatment in inert gas.
Failed adhesion tests: 
peel test, cross cut test, 
tape test
We got none adhering 
black powder (pure Al) 
at the cathode.
Plating remark 2
Bubbling was very good 
and created 3 cm foam 
in cell. 5 - 20 % of the 
plating was wiped of 
the cathode.
Bubbling with less 
foam (hotter?).
The black powder fell 
off during spray rinse.
Plating remark 3
Very first plating with 
unactive 1018 surface.
End weight cathode   g 26.2092 26.2051 23.7839 27.0436 21.1971
End weight anode 1   g ? ? 20.2682 ? ?
End weight anode 2   g ? ? 20.451 ? ?
Weight gain (cathode)   g #VALUE! 0.0555 0.0650 0.0688 #VALUE!
Weight loss (anodes)   g #VALUE! #VALUE! 0.0690 #VALUE! #VALUE!
How did the electrolyte appearance change? A bit darker brown. no change no change no change no change
How did the cathode look like?
Covered with black 
powder
How did the anode look like?
Cathodic current efficiency   % #VALUE! 82.69 96.85 102.51 #VALUE!
Anodic current efficiency   % #VALUE! #VALUE! 102.81 #VALUE! #VALUE!
 Calc. plating thickness micro-meter #VALUE! 9.944632586 11.64686699 12.32776076 #VALUE!
Open circuit cell voltage     V
Characteristic cell voltage level    V
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Aluminum Plating Experiment
Number 1L-06Al 1L-07Al 1L-08Al 1L-09Al 1L-10Al
Date
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
Electrolyte history from 1L-05Al from 1L-06Al from 1L-07Al from 1L-08Al
Plating temperature   
o
C 60 +1 60 +1.3 60 +1 70 +-1 48.4
Stirrer setting   1-10 2 glass tubes bubbling 2 glass tubes bubbling 2 glass tubes bubbling 2 glass tubes bubbling 2 glass tubes bubbling
Start weight cathode   g 20.9172 26.9115 26.8302 20.7245 18.6364
Start weight anode 1   g ? ? ? 20.3179
Start weight anode 2   g ? ? ? 20.0764
Plating time   sec 2700 3150 3600 2400
Area of cathode   cm2 15.94 15.94 15.88 15.5628
Current   mA -300 -250 -200 -300
Pretreatment SiC paper in inert gas SiC paper in inert gas SiC paper in inert gas SiC paper in inert gas
Current density   mA/cm
2 -18.82 -15.68 -12.59 -19.28 #DIV/0!
Plating remark 1
We got none adhering 
black powder (pure Al) 
at the cathode.
Plating remark 2
Plating remark 3
End weight cathode   g 21.1674 26.9829 26.8916 20.794 18.6527
End weight anode 1   g ? ? 20.3179 ? ?
End weight anode 2   g ? ? 20.0764 ? ?
Weight gain (cathode)   g 0.2502 0.0714 0.0614 0.0695 0.0163
Weight loss (anodes)   g #VALUE! #VALUE! 0.3249 #VALUE! #VALUE!
How did the electrolyte appearance change? no change no change no change no change no change
How did the cathode look like?
Covered with black 
powder
How did the anode look like?
Cathodic current efficiency   % 331.37 97.27 91.49 103.55 #DIV/0!
Anodic current efficiency   % #VALUE! #VALUE! 108.92 #VALUE! #VALUE!
 Calc. plating thickness micro-meter 58.13467169 16.58999024 14.32036571 16.53991617 #DIV/0!
Open circuit cell voltage     V
Characteristic cell voltage level    V
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Aluminum Plating Experiment
Number 1L-11Al 1L-12Al 1L-013Al 1L-14Al 1L-15Al
Date 13-Mar-13 15-Mar-13 15-Mar-13
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3 self 
mixed 
[EMIm]Cl + 1.5 AlCl3 self 
mixed 
[EMIm]Cl + 1.5 AlCl3 self 
mixed 
[EMIm]Cl + 1.5 AlCl3 self 
mixed 
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
Electrolyte history
Plating temperature   
o
C 76.8536 90 90 50
Stirrer setting   1-10 2 glass tubes bubbling 2 glass tubes bubbling 2 glass tubes bubbling 2 glass tubes bubbling 2 glass tubes bubbling
Start weight cathode   g 112.7432 76.8536 73.4578 73.3186
Start weight anode 1   g 85.9049 84.2575 84.4122
Start weight anode 2   g 85.183 84.8857 83.8343
Plating time   sec 7200 1800 1800 1800 7200
Area of cathode   cm2 98.8992 110 110 110 110
Current   mA -1977.984 -2200 -2200 -2200 -2200
Pretreatment degr./1 min/+5mA/cm2
Current density   mA/cm
2 -20 -20 -20 -20 around -20
Plating remark 1 no adhesion area estimated
Plating remark 2
Plating remark 3
End weight cathode   g 113.9463 77.1194 73.7407 74.4569
End weight anode 1   g 85.0004 83.9119 83.7132
End weight anode 2   g 84.3594 84.4926 83.0225
Weight gain (cathode)   g 1.2031 0.2658 0.0000 0.2829 1.1383
Weight loss (anodes)   g 171.0879 #REF! 169.1432 -168.4045 1.5108
How did the electrolyte appearance change?
How did the cathode look like?
How did the anode look like?
Dark like usual but
approx. 100% cur. eff.
Cathodic current efficiency   % 90.63 77.09
Anodic current efficiency   % 102.32
 Calc. plating thickness micro-meter 45.0552272 8.949494949 0 9.525252525 38.32659933
Open circuit cell voltage     V
Characteristic cell voltage level    V
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Aluminum Plating Experiment
Number 1L-16Al 1L-17Al 1L-18Al 1L-19Al 1L-20Al
Date
Electrolyte composition
Electrolyte history
Plating temperature   
o
C 52.5 till 53.4 49.8 till 52.8 oC
Stirrer setting   1-10 Bubblg. with 2 aerators Bubblg. with 2 aerators Bubblg. with 2 aerators
Start weight cathode   g 49.1808 49.0131 49.5276 49.5789
Start weight anode 1   g 83.5251
Start weight anode 2   g 82.8224
Plating time   sec 2027 2040 2041 8112
Area of cathode   cm2 31.81 132.804 134.946 134.946
Current   mA -636 -2656 -2699 -2699
Pretreatment Degrease-etch-grind(ig) Degrease-etch-grind(ig) Degrease-etch-grind(ig)
Current density   mA/cm
2 #DIV/0! -19.99371267 -19.99939761 -20.00059283 -20.00059283
Plating remark 1 100% curr. eff.? Fresh anodes
Used anodes from 1L-
18Al
Plating remark 2
Here we realized that 
our DEGMEE rinse 
causes a darker color of 
the plating. We 
switched to an ethanol 
rinse (in air) to avoid 
this.
Plating remark 3
End weight cathode   g 49.2771 49.4034 49.9299 51.0817
End weight anode 1   g 81.2259
End weight anode 2   g 82.0552
Weight gain (cathode)   g 0 0.0963 0.3903 0.4023 1.5028
Weight loss (anodes)   g
How did the electrolyte appearance change?
How did the cathode look like?
How did the anode look like?
Cathodic current efficiency   % #DIV/0! 80.14 77.28 78.35 73.64
Anodic current efficiency   % #DIV/0! 0.00 0.00 0.00 0.00
 Calc. plating thickness micro-meter #DIV/0! 11.212407 10.88487964 11.04145362 41.24557916
Open circuit cell voltage     V
Characteristic cell voltage level    V
210 
 
 
 
  
Aluminum Plating Experiment
Number 1L-21Al 1L-22Al 1L-23Al 1L-24Al 1L-25Al
Date
Electrolyte composition
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
[EMIm]Cl + 1.5 AlCl3 self 
mixed (Sigma-Aldrich)
Electrolyte history filtered from 1L-20Al from 1L-21 Al from 1L-22Al from 1L-23 Al
Plating temperature   
o
C around 50 oC around 50 oC 46.5 till 51 oC around 50 oC
Stirrer setting   1-10 Bubblg. with 2 aerators Bubblg. with 2 aerators Bubblg. with 2 aerators weaker bubbling
Start weight cathode   g 49.0999 48.9333 48.8116 49.3242
Start weight anode 1   g 82.0246
Start weight anode 2   g 81.1993
Plating time   sec 1352 1352 1352 1352
Area of cathode   cm2 138.5 138.5 138.5 138.5
Current   mA -2769 -2769 -2769 -2769
Pretreatment Degrease-etch-grind(ig) Degrease-etch-grind(ig) Degrease-etch-grind(ig) Degrease-etch-grind(ig)
Current density   mA/cm
2 -19.99277978 -19.99277978 -19.99277978 -19.99277978
Plating remark 1
Bubbling seemed 
weaker than before
Plating remark 2
Plating remark 3
End weight cathode   g 49.368 49.2604 49.1008 49.6217
End weight anode 1   g
End weight anode 2   g
Weight gain (cathode)   g 0.2681 0.3271 0.2892 0.2975
Weight loss (anodes)   g
How did the electrolyte appearance change?
How did the cathode look like?
How did the anode look like?
Cathodic current efficiency   % 76.83 93.73 82.87 85.25
Anodic current efficiency   % 0.00 0.00 0.00 0.00
 Calc. plating thickness micro-meter 7.169407675 8.747158711 7.733654232 7.955609039
Open circuit cell voltage     V
Characteristic cell voltage level    V
Appendix D: The Corrosion Test Coupons from AlumiPlate and Experimental Coupons 
Plated in the 1-L Cell
 
0.3 Mils Plated Aluminum Layer from AlumiPlate
 
5X     
 
20X - bottom part of surface in focus
 
LSM view from the top (523 µm * 523 µm)
211 
 
 
 
 
                                                                        
 
                  20X - top part of surface in focus
 
 
  
 
10X 
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20X (objective) topography with the following settings: 45 deg. – 30 % - Average of 15 
Distance [mm] and x [µm] is in reality approx. factor 6.7 smaller than mentioned in figure. 
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1.0 Mils Plated Aluminum Layer from AlumiPlate
 
5X     
 
20X     
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        LSM view from the top (523 µm * 523 µm)
 
10X 
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20X (objective) topography with the following settings: 45 deg. – 30 % - Average of 15 
Distance [mm] and x [µm] is in reality approx. factor 6.7 smaller than mentioned in figure. 
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1L-18Al Cathode Plated by AEMC
 
5X     
 
20X  LSM view from the top (523 µm * 523 µm)
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10X 
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20X (objective) topography with the following settings: 45 deg. – 30 % - Average of 15 
Distance [mm] and x [µm] is in reality approx. factor 6.7 smaller than mentioned in figure. 
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1L-19Al Cathode Plated by AEMC 
 
Coming out of the electrolyte 
 
 
After rinsing in DEGMEE rinse bath 
  
 
 5X     
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10X 
20X     
 
20X (objective) topography with the following settings: 45 deg. 
Distance [mm] and x [µm] is in reality approx. factor 6.7 smaller than mentioned in figure.
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z
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      LSM view from the top (523 µm * 523 µm)
– 30 % - Average of 15
1.5 2.0 2.5 3
Distance (mm)
 
 
 
 
 
.0 3.5
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1L-20Al Cathode Plated by AEMC 
 
 
More dendritic growth of aluminum than usual because we plated an average of 41 µm Al (50 
oC, 20 mA/cm2, gas bubbling) onto the 1018 steel substrate. 
 
 
0.65X   Scratch test shows failed adhesion. The Al-layer peeled off the substrate probably 
because the Al-layer was thicker than usual. 
 0.65X     
 
5X     
     
 
With LSM: 
5X                  
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   5X                                     
 
                                                          
 
1X 
 
  
                    
 
10X 
20X     
view from the top (523 µm * 523 µm)
20X (objective) topography with the following settings: 45 deg. 
Distance [mm] and x [µm] is in reality approx. factor 6.7 smaller than mentioned in figure.
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– 30 % - Average of 15
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Distance (mm)
 
LSM 
 
 
 
3.0 3.5
AEM Center 1018 Substrate for Al
 
5X     
 
20X     
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-Plating 
 
                                                                       
 
        LSM view from the top (523 µm * 523 µm)
 
10X 
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20X (objective) topography with the following settings: 45 deg. – 30 % - Average of 15 
Distance [mm] and x [µm] is in reality approx. factor 6.7 smaller than mentioned in figure. 
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Appendix E: Thickness Measurements of ASTM B117 Salt Spray Panels 
  
  
  
Location Average [µm]
Standard 
Deviation 
[µm]
90% 
Confidence 
1 10.8 1.9 1.8
2 10.9 0.3 0.2
3 15.6 1.2 1.2
4 10.4 1.0 1.0
5 11.2 1.0 1.0
Overall 11.7 1.1 0.8
1 10.0 0.9 0.8
2 10.4 0.9 0.9
3 10.6 0.6 0.6
4 11.7 1.2 1.1
5 13.3 0.5 0.5
Overall 11.2 0.8 0.6
Alumiplate 11.4 µm sample 1
Front Side of Panel
Back Side of Panel
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 12.4 0.3 0.2
2 11.7 0.4 0.4
3 11.7 0.3 0.2
4 13.7 1.3 1.2
5 15.0 0.4 0.4
Overall 12.9 0.5 0.4
1 11.4 1.6 1.5
2 13.5 1.6 1.5
3 11.2 0.8 0.7
4 12.4 0.9 0.9
5 13.7 1.5 1.5
Overall 12.4 1.3 0.9
Back Side of Panel
Alumiplate 11.4 µm sample 2
Front Side of Panel
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 14.3 0.4 0.4
2 16.3 1.4 1.4
3 13.5 1.6 1.5
4 14.9 0.5 0.5
5 15.2 1.9 1.8
Overall 14.8 1.2 0.9
1 29.5 0.3 0.3
2 20.8 0.9 0.9
3 23.4 1.7 1.6
4 25.4 0.8 0.8
5 22.1 1.1 1.0
Overall 24.2 1.0 0.7
Front Side of Panel
Back Side of Panel
Alumiplate 19.1 µm sample 3
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 14.5 1.2 1.1
2 14.4 1.0 1.0
3 13.5 0.7 0.6
4 15.2 0.8 0.8
5 16.4 0.1 0.1
Overall 14.8 0.8 0.6
1 28.4 1.2 1.1
2 28.4 0.4 0.3
3 28.6 0.3 0.3
4 25.6 1.7 1.6
5 25.8 1.8 1.7
Overall 27.4 2.3 1.7
Alumiplate 19.1 µm sample 4
Front Side of Panel
Back Side of Panel
226 
 
  
  
 
 
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 19.3 1.4 1.0
2 15.8 0.6 0.4
3 15.2 2.5 1.9
4 33.0 11.2 8.2
5 31.6 1.3 1.0
Overall 23.0 3.4 2.5
1 18.8 1.2 0.9
2 31.5 10.7 7.8
3 20.8 2.5 1.9
4 19.1 0.8 0.7
5 21.1 0.5 0.4
Overall 22.3 3.0 2.2
1L-18Al-12 µm
Front Side of Panel
Back Side of Panel
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 21.1 1.0 0.8
2 31.5 1.5 1.3
3 13.7 0.8 0.6
4 17.7 1.0 0.7
5 19.2 0.5 0.4
Overall 20.6 0.9 0.7
1 23.4 3.0 2.2
2 20.3 1.8 1.3
3 17.8 3.0 2.2
4 61.0 0.3 0.2
5 58.4 3.8 2.8
Overall 36.2 2.4 1.8
1L-19Al-12 µm
Front Side of Panel
Back Side of Panel
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 16.8 1.7 1.2
2 14.7 1.7 1.2
3 13.5 0.3 0.3
4 14.2 2.1 1.6
5 16.5 0.7 0.6
Overall 15.2 1.3 1.0
1 8.3 0.6 0.4
2 13.3 1.8 1.3
3 11.2 0.7 0.6
4 12.4 1.0 0.8
5 12.7 1.7 1.2
Overall 11.6 1.2 0.9
Back Side of Panel
1L-21Al-8 µm
Front Side of Panel
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 24.2 4.7 3.9
2 22.6 2.1 1.7
3 13.1 1.3 1.1
4 16.0 1.3 1.0
5 16.3 1.1 0.8
Overall 18.4 2.1 1.5
1 14.2 0.2 0.2
2 11.4 1.2 0.9
3 8.4 1.7 1.2
4 12.2 0.8 0.6
5 11.6 0.5 0.4
Overall 11.6 0.9 0.6
1L-22Al-10 µm
Front Side of Panel
Back Side of Panel
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Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 16.2 1.0 1.0
2 13.4 1.0 1.0
3 8.1 0.3 0.2
4 15.2 0.3 0.2
5 13.3 1.0 0.8
Overall 13.2 0.7 0.5
1 17.2 1.3 1.2
2 14.9 0.2 0.2
3 14.6 0.6 0.6
4 15.2 0.7 0.6
5 14.8 0.4 0.4
Overall 15.3 0.7 0.5
Front Side of Panel
Back Side of Panel
1L-23Al-9 µm
Location Average [mil]
Standard 
Deviation 
[mil]
90% 
Confidence 
1 10.7 1.5 1.3
2 12.1 1.6 1.3
3 9.9 1.0 0.8
4 14.0 1.2 0.9
5 9.2 2.0 1.5
Overall 11.2 1.5 1.1
1 13.7 0.4 0.3
2 15.9 0.5 0.4
3 12.9 1.9 1.3
4 13.8 0.5 0.3
5 16.7 0.9 0.6
Overall 14.6 0.8 0.6
1L-24Al-9 µm
Front Side of Panel
Back Side of Panel
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Before starting the ASTM B117 salt spray test:  
Average thickness [mils] and standard deviation of plating thickness. 
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Appendix F: ASTM B117 Salt Spray Pictures Regarding Aluminum Plated Test 
                      Panels and AlumiPlate Test Panels 
 
 
Before starting the ASTM B117 salt spray test 
 
 
 
# 1: 0.46 mils av. AlumiPlate # 2: 0.49 mils av. AlumiPlate # 3: 0.51 mils av. AlumiPlate 
 
  
# 4: 0.58 mils av. AlumiPlate # 21: 0.60 mils av. APIL # 22: 0.46 mils av. APIL 
Like # 2 
Crosscut was put in later. 
Like # 2 
Crosscut was put in later. 
Like # 2 
Crosscut was put in later. 
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# 23: 0.60 mils av. APIL # 24: 0.44 mils APIL # 18: 0.87 mils av. APIL 
 
  
# 19: 0.83 mils av. APIL   
Before starting the ASTM B117 salt spray test 
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After 24 hours ASTM B117 salt spray test 
   
# 1: 0.46 mils av. AlumiPlate # 2: 0.49 mils av. AlumiPlate # 3: 0.51 mils av. AlumiPlate 
   
# 4: 0.58 mils av. AlumiPlate # 21: 0.60 mils av. APIL # 22: 0.46 mils av. APIL 
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# 23: 0.60 mils av. APIL # 24: 0.44 mils APIL # 18: 0.87 mils av. APIL 
 
  
# 19: 0.83 mils av. APIL   
After 24 hours ASTM B117 salt spray test 
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After 77 hours ASTM B117 salt spray test 
   
# 1: 0.46 mils av. AlumiPlate # 2: 0.49 mils av. AlumiPlate # 3: 0.51 mils av. AlumiPlate 
   
# 4: 0.58 mils av. AlumiPlate # 21: 0.60 mils av. APIL # 22: 0.46 mils av. APIL 
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# 23: 0.60 mils av. APIL # 24: 0.44 mils APIL # 18: 0.87 mils av. APIL 
 
  
# 19: 0.83 mils av. APIL   
After 77 hours ASTM B117 salt spray test 
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After 150 hours ASTM B117 salt spray test 
   
# 1: 0.46 mils av. AlumiPlate # 2: 0.49 mils av. AlumiPlate # 3: 0.51 mils av. AlumiPlate 
   
# 4: 0.58 mils av. AlumiPlate # 21: 0.60 mils av. APIL # 22: 0.46 mils av. APIL 
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# 23: 0.60 mils av. APIL # 24: 0.44 mils APIL # 18: 0.87 mils av. APIL 
 
  
# 19: 0.83 mils av. APIL   
After 150 hours ASTM B117 salt spray test 
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After 203 or 222 hours ASTM B117 salt spray test (AP = AlumiPlate) 
   
# 1: 0.46 mils av. AP – 222 hours # 2: 0.49 mils av. AP – 222 hours # 3: 0.51 mils av. AP – 222 hours 
 
 
 
# 4: 0.58 mils av. AP – 222 hours # 21: 0.60 mils av. APIL # 22: 0.46 mils av. APIL – 203 h 
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# 23: 0.60 mils av. APIL – 203 h # 24: 0.44 mils APIL – 222 h # 18: 0.87 mils av. APIL 
After 252 or 336 hours ASTM B117 salt spray test (AP = AlumiPlate) 
 
  
# 1: 0.46 mils av. AP – 336 hours # 2: 0.49 mils av. AP – 336 hours # 3: 0.51 mils av. AP – 336 hours 
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# 4: 0.58 mils av. AP – 336 hours # 21: 0.60 mils av. APIL # 22: 0.46 mils av. APIL 
 
 
 
 # 24: 8 µm APIL – 252 h  
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